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iABSTRACT
This thesis represents a study of two areas —  one of a Paleozoic 
batholith in southeastern Australia, the other of Archaean rocks of 
Western Australia. Comparison of the isotope data from these two 
diverse areas is viewed in terms of the responses of strontium isotopes 
to crustal processes.
The various phases of the Murrumbidgee Batholith, A.C.T. are high 
level intrusions emplaced at their present position in the crust at 
423 ± 1 my. These intrusions were generated by partial melting of 
older sediments and rose through the crust as coherent masses with no 
separation of melt from xenolithic residue. A number of phases of the 
batholith preserved their older sedimentation age of about 490 my as 
recorded by the Rb-Sr system. Leucogranites represent a differentiation 
product of an adamellite phase of the batholith and register the 423 
my age. Felsic volcanics on the margins of the batholith probably 
represent the other end member of the differentiation process.
Major igneous activity at Kambalda, Western Australia, located in 
the Eastern Goldfields Province of the Western Australian Shield 
extends from about 2800 to 2600 my. The oldest exposed rocks are 
metabasalts and an ultramafic sequence dated by a Pb-Pb isochron of 
2700 ± 115 my, defined by ore sulphides from the ultramafic and total 
rock samples from the underlying metabasalts. This is believed to be 
the extrusive age of the sequence. The Rb-Sr system in the metabasalts 
has been reset at 2670 ± 30 my by internal rubidium and potassium 
metasomatism associated with the addition of CO^ and H^O solutions.
This metasomatism is associated with the peak of greenschist metamorphism 
which certainly ended by about 2600 my as defined by biotite ages from 
different rock types in the area. An internal plagioclase isochron and
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microcline ages from a granitic body intruding the mafic sequence also 
record ages of 2600 my. The emplacement age of the sodic granite is 
represented by a Rb-Sr plagioclase total rock age of 2690 ± 40 my 
(minimum estimate) and a Pb-Pb mineral isochron age of 2760 ± 70 my 
(Oversby, 1974b). Younger felsic porphyries were emplaced mainly at 
2630 ± 45 my but some are as young as 2400 my. The latest activity 
in the area is represented by unaltered dolerite dykes which have a 
Rb-Sr age of 2085 ± 46 my.
At Jones Creek, 400 km north of Kambalda, a granodiorite body 
dated at 2689 ± 17 my intrudes an (older) greenstone sequence and is 
overlain by a metamorphosed boulder conglomerate and (younger) 
greenstone sequence. The end of the metamorphism at 2625 my as 
determined by biotite ages indicates that intrusion, uplift, deposition 
and metamorphism took 70 my or less. Thus the age of a younger 
greenstone sequence is well established in the interval 2620 - 2690 my.
The Kambalda and Jones Creek results, when compared with the 
observations of Williams (1973), suggest that a new crustal segment 
formed by the rifting of an older continental craton in the interval 
2800 - 2600 my.
The results from the Murrumbidgee Batholith indicate that older 
Rb-Sr ages may be preserved even after a magmatic process. Comparison 
of the Murrumbidgee data with some of the Archaean data and with 
information in the literature indicate that the equilibration of 
strontium isotopes during a magmatic process or metamorphic event is 
in some circumstances dependent on the "style" of the dispersion of 
Rb/Sr in a plutonic body.
iii
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1CHAPTER 1 
INTRODUCTION
The usefulness of geochronology and isotope geochemistry in 
elucidating the complex geological history of the earth is now well 
established. Rb-Sr, K-Ar and U-Pb geochronology have provided a time 
framework in which to order geological events. Strontium and lead 
isotopes have yielded valuable information on the evolutionary history 
of the earth and helped both to resolve complex geological problems 
and to bring new ones to light. This work represents further 
applications of Rb-Sr and U-Pb isotopic techniques to two separate 
geological problems. Related geochemical and petrological studies are 
also employed to help in the understanding of the geological evolution 
of the areas.
The first part of this thesis is concerned with a Rb-Sr isotopic 
study of the various intrusive phases of the Murrumbidgee Batholith, 
a large plutonic body located in Southeastern Australia. The batholitn 
contains sedimentary xenoliths and its derivation almost wholly from 
pre-existing crustal material has been established by previous 
petrological and geochemical studies. A detailed strontium isotopic 
study of the batholith has been carried out in order to determine the 
age of the various intrusives and the effects of xenolithic material 
on the Rb-Sr system. No detailed Rb -Sr work has previously been 
carried out on xenolith-rich granitic rocks, and the obvious mechanical 
disequilibrium between xenolith and magma would be expected to affect 
the Rb-Sr total rock system. Using strontium isotopic data it should 
be possible to discriminate between cognate and foreign xenoliths 
within the granitic rocks. In attempting to resolve the isotopic
relationships observed, a model of the responses of the Rb-Sr 
isotopic system to magmatic processes is formulated.
Part Two of this work is a study of Archaean rocks from the 
Yilgarn Block of the Western Australian Shield. Two areas, significant 
to the understanding of the evolution of the earth during the Archaean, 
have been studied. One area, at Kambalda, Western Australia, is the 
location of an extensive nickel mining operation by Western Mining 
Corporation. The lithological sequence here is composed of metamorphosed 
basaltic rocks and extrusive ultramafic flows containing nickel sulphide 
ore. These mafic rocks are intruded by later granitic and felsic to 
mafic rocks. Detailed Rb-Sr and U-Pb isotope geochemistry can provide 
estimates of the range in ages of crystallization of the basaltic, 
ultramafic and the more siliceous rocks and the nature of their origin.
In addition, the time and effects of the metamorphism may be resolved.
A study of this type is valuable in understanding Archaean evolution 
of Western Australia as previously, isotopic work has generally been 
restricted to granitic rocks which are often supposed to be younger 
than the greenstones.
The second area of interest, at Jones Creek, near Agnew, Western 
Australia, is an exposure of a granitic pluton which is the basement 
to a mafic-metasedimentary sequence. Thus, for the first time in 
Western Australia, a definite lower limit for a greenstone sequence can 
be established by dating the granite.
The third part of the thesis is a further discussion of the model 
of the response of strontium isotopes to geological processes based on 
the data obtained from the various areas studied. Data from the 
literature was also used in order to demonstrate the usefulness of this 
model in certain metamorphic processes. The limitations of the model
2
are also discussed.
3The isotopic data in this work is discussed in terms of the 
isochron technique (Nicolayson, 1961). Chapter 2 is an outline of the 
basics of geochronology and the isochron analysis. All the data are 
treated according to the regression technique of McIntyre et at (1966).
A parameter called the Mean Square of Weighted Deviates (MSWD) is 
extensively used in the text as a measure of the precision and 
significance of the isochrons. Further discussion of the regression 
technique and the MSWD parameter are found in Appendix C. The appendices 
also contain details of the analytical procedures used and the precision 
of the analyses. An attempt has been made to present the data points 
on each isochron diagram such that the symbol for an analysis covers 
at least the la limits of precision.
The age and initial ratio determined from an isochron have 
anticorrelated errors (Sanz and Wasserburg, 1969). For this reason 
the error estimates (2a) for the age are presented as "±M while the 
initial ^Sr/^Sr error (2a) is given as "+".
4CHAPTER 2
PRINCIPLES OF Rb-Sr AND LEAD GEOCHRONOLOGY
2.1 INTRODUCTION
This chapter is an outline of the basic principles used in the 
interpretation of Rb-Sr and lead isotopic data used in this work.
2.2 Rb-Sr GEOCHRONOLOGY
87rIn Rb-Sr dating the natural radioactive decay of Rb to stable
87 85Sr is employed. Rubidium has one other natural isotope, Rb which
is stable and has no radioactive parent, while strontium has four
natural isotopes, ^Sr, °°Sr, °'Sr and ^Sr, of which none are
87 87radioactive and only Sr is a daughter product (of Rb).
The decay of ^Rb to ^Sr results in an increase in the abundance
87of Sr relative to the other isotopes of strontium. For convenience
87 87 86Sr and Rb are expressed as ratios relative to Sr. The decay of
87 87Rb to Sr is thus expressed by the following equation (Nicolayson, 
1961):
(87Sr/86Sr)p = (87Sr/86Sr)i + (87Rb/86Sr)p (eXt-1) [2:1]
where
(^Sr/^Sr) = atomic ratio of ^Sr to ^Sr at the present time 
(^Sr/^Sr) ^ = atomic ratio of ^Sr to ^Sr at the time the
system became closed to rubidium and strontium
(the initial ratio)
(^Rb/^Sr) = atomic ratio of ^Rb to ^Sr at the present time
t = the Rb-Sr age of the system in years
8 7= the decay constant for RbA
587 86 87 86The two present day ratios, ( Sr/ Sr)^ an<^  ( Rb/ Sr)^ can
measured directly on geological samples. rrhe strontium isotopic ratio
87 86is determined by mass spectrometry while the Rb/ Sr can be
determined by measuring the Rb/Sr in the samples by a number of
87 86techniques. The equation thus has two unknowns, ( Sr/ Sr). and the 
time t.
For a suite of samples from a rock body that has formed in a
single event, such as the crystallization of a pluton or deposition of
87 86a sediment in a geologically short time, the initial Sr/ Sr is
usually considered to be single-valued. Analyses of two samples with
differing Rb/Sr is adequate to determine the age of formation and the
By 86initial Sr/ Sr in the body. Usually a number of samples with a range
of Rb/Sr are selected to improve the precision of the results. The
greater the dispersion of Rb/Sr the higher the precision of the
results. The analyses are displayed on an isochron diagram (Figure
2.1), where a suite of cogenetic samples will form a linear array
providing the following conditions are met:
87 86(1) All samples had the same initial Sr/ Sr at the time of their 
formation
(2) The time of formation was the same for all samples
(3) Since formation there has been no external disturbance to the 
Rb-Sr system; each sample has remained a closed system.
On Figure 2.1 a suite of samples conforming to the above 
requirements will lie on a line of zero slope at the time of formation 
(t = 0). The dispersion along the line is the result of a variation 
in Rb/Sr in individual samples. With the passage of time each point
representing a sample moves along a straight line having a slope of
8 7 8 7  87-1 because of the decay of Rb to Sr (each decay of one atom of Rb
8 7forms one atom of Sr). At a later time the samples will define a
ST
RO
NT
IU
M 
EV
OL
UT
IO
N 
IN
 A
 C
LO
SE
D 
SY
ST
EM
6
&CO
FI
GU
RE
7straight line with a slope of (e^-1). This line passes through the
initial ^Sr/^Sr of the samples at the ^Sr/ ^Sr axis.
87 86The age of the samples and their initial Sr/ Sr is determined 
by finding the best fit line through the data points. The line 
defined is usually not "perfect" because of analytical imprecision 
and failure of the conditions set out above to be met. Statistical 
testing of the isochron (Appendix C) can often differentiate between 
analytical variability and "geological effects".
87 86For most geological materials the initial Sr/ Sr has not
changed very much throughout time (i.e. .70 to .75) (Gast, 1960). If
a sample or mineral separate is highly enriched in rubidium relative 
87 86to strontium the Rb/ Sr will be sufficiently large so that a precise
determination of the initial ^Sr/^Sr is unnecessary. A. precise age
determination can be made by assuming an approximate initial ratio.
This procedure has been followed for a number of biotite and total rock
samples that are enriched in rubidium.
It is possible for a suite of samples to exhibit closed-system
behaviour on the scale of large total rock samples but open-system
behaviour on the scale of minerals within a single total rock sample.
Metamorphism commonly affects rock units in this manner. The minerals
within the total rocks exchange strontium and possibly rubidium and.if
the metamorphism is sufficiently effective each mineral phase will 
87 86acquire the Sr/ Sr of the total rock system in which they reside.
Tiie time of metamorphism can be dated by determining the time at which
87 86the minerals last had the same Sr/ Sr. Figure 2.2 illustrates this 
situation. At a time t^ after the original formation of the rock unit, 
metamorphism causes the homogenization of the strontium within the 
minerals of individual total rocks but does not cause exchange between 
total rock samples. The mineral systems now define an isochron of 
zero age. At a time t^ after metamorphism (Figure 2.2) analyses of
87Sr/86S
STRONTIUM EVOLUTION WITH METAMORPHISM AT t
© Total Rock (X) 
S Mineral (X )
tane.s e - 1
STRONTIUM EVOLUTION YEARS AFTER METAMORPHISM
0, -t- 0
FIGURE 2.2
9the minerals and total rocks effectively determine both the age of 
formation of the rocks (t^+t^) and the time of metamorphism (t^).
Each mineral isochron defines the initial ratio of its total rock 
sample at the time of metamorphism. An example of this homogenization 
of mineral systems and closed system behaviour of total rocks has been 
demonstrated by Wetherill et at (1968) for the Baltimore Gneiss.
Different minerals, because of variations in their chemistry and 
structure often do not respond in the same way to geologic processes. 
Arriens et at (1966) have demonstrated that microcline can expel 
radiogenic strontium, possibly because of inversion from the high 
temperature form to the stable low-temperature structure. Plagioclase 
takes up the radiogenic strontium while biotite is unaffected. Often 
this postcrystalline redistribution of radiogenic strontium cannot be 
associated with any known geologic event and slow diffusion or episodic 
loss might equally apply to the strontium redistribution. Hart et at 
(1968) have demonstrated that the Rb-Sr system of biotite is more 
sensitive to contact metamorphism than potassium feldspar. Sometimes 
no coherent pattern of mineral response exists (Allsopp, 1961). Thus 
independent knowledge of the geologic history of the rocks being 
analyzed is necessary for the correct interpretation of the data.
Usually high grades of metamorphism are required before the total 
rock samples become open Rb-Sr systems. Even when open systems, the 
former record of an older age is not necessarily obliterated. High 
grade metamorphism of the Morton Gneiss, Minnesota has caused a scatter 
of total rock points around an originally older isochron (Goldich et at3 
1970) . Gray (1971) has determined that granulite facies metamorphism 
does not necessarily homogenize the strontium isotopes in total rocks 
and an older pre-granulite age may be retained.
A number of aspects of the responses of strontium isotopes to 
geological processes will be discussed in the following chapters.
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2.3 LEAD GEOCHRONOLOGY
Until recently the application of the U-Th-Pb system to 
geochronology has usually been restricted to the analysis of radioactive 
minerals such as zircon and sphene. In these cases the amount of 
non-radiogenic daughter isotopes present in the minerals are small and 
the equations of decay can be applied directly without including a 
correction for the lead initially present in the mineral. Interpretation 
of U-Pb data of this sort is well documented in the literature 
(Wetherill, 1956, 1963; Tilton, 1960) and will not be discussed 
further.
For the more common and less radiogenic minerals and total rocks
the isochron approach can be used. The mathematical equations applied
to the U-Th-Pb system are analogous to the Rb-Sr system given in the
204last section. For example relative to Pb, the only lead isotope
2 38 206without a long-lived radioactive parent, the decay of U to “ Pb 
can be expressed as:
(206Pb/204Pb)p = (206Pb/204Pb)i + (238U/204Pb)p (eAt-l) [2.2]
where the expressions are exactly analogous to Equation (2.1) for the
235 207Rb-Sr system. Similar equations apply for the decay of U to Pb
, 232- . 208and rh to Pb.
Considering only the U-Pb system the double decay scheme of the 
two uranium isotopes to two lead isotopes provide an additional check 
on the internal consistency of the data analyzed. The ages from the 
two decay schemes should agree and if they do not, mixing relationships 
might also be involved. In the Rb-Sr system mixing between two 
components with different strontium compositions might not be detected 
and an erroneous isochron age could result.
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Another more common application of the double U-Pb decay scheme 
is to samples that have been subjected to a recent change in their 
U-Pb ratio, often as a result of weathering. Recent loss of lead or 
gain or loss of uranium leaves the "Pb-Pb" system unaffected. This 
can be shorn by developing the necessary equation for the calculation 
of a Pb-Pb age.
Consider a rock body that forms a certain time t with an
initially uniform lead isotopic composition as characterized by
(2(^ Pb/2  ^4Pb) . and ( ^ 7Pb/2^4Pb) ^ and a dispersion in U-Pb. If samples
from this body remain closed systems until the present then Equation
235 207(2.2) and its companion U- Pb equation are valid. By dividing 
one of these equations into the other and rearranging terms the 
following equation results:
(207Pb/204Pb) -(207Pb/204Pb)i 1 (eAMt0 - 1)
(206Pb/204Pb)p-(206Pb/204Pb)i 137.88 ( e ^ O  - 1)
S(tQ,0) [2.3]
where
p and i refer to the isotopic ratios at the present and at the 
formation of the rock body respectively;
tg is the time of formation of the rock body;
238 235137.88 is the present day atomic ratio of " U/ U;
238 235A’ and A" are the decay constants of U and U respectively, 
and
S(t ,0) is a constant related to the age of the system and
indicates a system existing from t = t^ to t = 0 (i.e., 
the present day). Note that time is considered 
increasing into the past. This is the opposite to the
Rb-Sr system.
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This is an equation for a straight line and isotopic analyses of 
two samples with differing U-Pb ratios from a rock body as defined 
above will determine the age at which it formed. In practice a number 
of samples are analysed and a regression line is fitted to the data 
on a ^^Pb/^^Pb-^^Pb/^^Pb plot. The initial lead ratios cannot be 
determined directly from this equation.
Even though closed-system evolution has been assumed, recent 
uranium or lead migration (except addition of foreign lead) does not 
affect the calculation of the age, as only lead isotopic ratios are 
required. Migration of this sort would completely destroy the U-Pb 
linear relationship as defined by Equation (2.2).
Figure 2.3 shows the evolution of lead isotopes in a closed 
system with a dispersion in U/Pb. Initially, on formation at t^, all 
the sample points are located at a single point I. After a time, from 
tß to t^, the samples are located along line A, the displacement from 
I being in proportion to their U/Pb ratios. Their evolution is along 
the curved paths shown, the curves resulting from the different decay 
rates of the two uranium isotopes. At a later time, considered to be the 
present (t = 0), the samples have points along the line B and the slope 
of the line represents S(t^,0) in Equation (2.3). Under closed-system 
behaviour the minerals in a total rock lie along the same linear array. 
The line passes through the initial ratio, but its value is not 
defined unless a uranium-free phase or mineral is analyzed.
If a metamorphism at time t^  causes internal redistribution and 
equilibration of lead between mineral phases, but not total rocks, the 
minerals within each total rock will assume the lead composition of the 
total rock at time t (Figure 2.4). Later, at time t = 0, the total 
rocks will be aligned along line B as before but the minerals from 
individual total rocks will be located along parallel lines C. The
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slope of lines C will record the time of metamorphism. If a uranium- 
free mineral within the total rocks is also analyzed it will be 
located along the line A. It has taken up radiogenic lead at the time 
of metamorphism and, as in the other minerals, has the lead isotopic 
composition of the total rock at time t^. Its composition does not 
change after this as it contains no uranium to produce further 
radiogenic lead. A series of uranium-free minerals from different 
total rocks will define line A. The intersection of line A and the 
total rock isochron line B determines the initial lead composition 
of the system.
The unique characteristic of this Pb-Pb system is that complete 
re-equilibration of the mineral systems is not required in order to 
define the time of metamorphism. A partial addition of radiogenic 
lead to a uranium-free mineral phase in different total rocks will 
effectively define the line A. The uranium-free phases move up line 
A from I to their total rock compositions in proportion to the amount 
of radiogenic lead added to them. Other minerals containing uranium 
that are also only partially re-equilibrated will not define lines C 
for individual total rocks —  the data will scatter about line B.
Thus the metamorphic age cannot be found from the mineral data alone.
The equation for line A, the lead evolution from t^ to t^ is:
, X"tn X"t.. (e 0 - e lj(207Pb/204P b ) ( 207Pb/204Pb). 1
(206Pb/204Pb)1-(206Pb/204Pb)i 137.88 (eV t 0 - e V t l)
S(tQ,t1) [2.4]
where
subscript "1" denote the variables at the time of metamorphism, t^ ; 
S(tQ,tp is the slope of line A,
tg is known from the slope of the total rock line. Thus t^  the 
time of metamorphism can be determined.
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Rosholt et at (1973) have demonstrated these isotopic 
relationships for a 2800 my old Precambrian granite that was 
metamorphosed at 1600 my. Microcline is a uranium-free phase that 
defines the line equivalent to line A in Figure 2.4.
The U-Th-Pb system, as exemplified by the ^^Pb/^^Pb-^^Pb/^^Pb 
plot, is dependent on the Th/U of the rocks analyzed. Usually there 
is a variation of this ratio in natural rock systems due to 
differentiation processes or sedimentary mixing and this results in 
a scatter of data points in this Pb-Pb plot. In one unusual case 
given in this work a linear array is formed in this diagram. Appendix 
F outlines the requirements of this Pb-Pb plot to produce a linear 
array of points.
2.4 RUBIDIUM AND URANIUM DECAY CONSTANTS
Recently, highly precise measurements have been made on the decay 
235 238constants of U and ~ U (Jaffey et at3 1971) which are now being 
adopted in U-Pb studies (Tatsumoto et at3 1973; Oversby, 1974a). 
Mattinson (1973) has concluded that the internal consistency between 
the new decay constants is in excellent agreement with the results of 
analyses of zircons 100 my and older.
8 7The presently used decay constant for Rb was originally
established by comparison of geological ages by the Rb-Sr method with
U-Pb ages (Aldrich et at> 1956). With the change by about 1% in the
uranium decay constants from the previously used value (Stieff et at3
1959) to the new value, there should be a corresponding shift in the 
8 7Rb decay constants. Oversby and Compston (1974) have considered 
this change and reviewed recent meteorite data. They recommend that 
the best estimate for the L Rb decay constant is 1.41 x 10 yr
Changes of this sort are always slow to be taken up by 
geochronologists, as can be noted from the interval of two years between
17
p u b l i c a t i o n  o f  J a f f e y  e t  a l  (1971) and th e  f i r s t  use o f  t h e  new
c o n s t a n t s  by Tatsumoto e t  a l  (1973) . In o r d e r  to  f a c i l i t a t e  the
8 7comparison  o f  t h e  Rb-Sr d a t a  w i th  p r e v io u s  d a t a ,  th e  o ld  Rb decay
c o n s t a n t  w i l l  be r e t a i n e d  in  th e  c a l c u l a t i o n  o f  ages  b u t  th e  new
uranium decay c o n s t a n t s  o f  J a f f e y  e t  a l  (1971) w i l l  be u s e d .  D i r e c t
compar ison  w i th  l e a d  d a t a  o n ly  a r i s e s  i n  th e  work f o r  Archaean rocks
8 7o f  abou t  2600 my i n  age .  Use o f  t h e  o ld  Rb decay c o n s t a n t  may make 
th e  Rb-Sr ages too  o ld  by a s y s t e m a t i c  amount o f  30 my. As th e  e r r o r  
l i m i t s  on the  r e s u l t s  t h a t  can be compared w i th  U-Pb d a t a  a r e  l a r g e ,  
t h i s  b i a s  o f  30 my w i l l  have  l i t t l e  s i g n i f i c a n c e  t o  t h e  i n t e r p r e t a t i o n  
o f  t h e  r e s u l t s .
In  summary, t h e  decay  c o n s t a n t s  used  i n  t h i s  work a r e :
,87 , , -11 -1X Rb = 1.39 x 10 y r
,238 -1 0 — 1X U = 1.55125 x 10 y r
,235 T — ID — 1X U = 9.8485 x 10 y r
Atomic r a t i o s  a r e :
238U/ 2 35U
87R b /85Rb
137.88
2.600
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PART I
RUBIDIUM-STRONTIUM ISOTOPIC STUDY OF
THE MURRUMBIDGEE BATHOLITH
1 9
CHAPTER 3
THE MURRUMBIDGEE BATHOLITH
3.1 INTRODUCTION
The origin of granitic rocks has been debated in the literature 
for many years. Generally it is concluded that granitic magmas may be 
derived from the fractionation of basaltic rocks (Bowen, 1928) or from 
remelting, completely or in part, of pre-existing crustal material 
(Eskola, 1932).
Recent experimental petrology has outlined the possible modes of 
fractional crystallization that can give rise to calc-alkaline magmas 
from the mantle (Green and Ringwood, 1968; Ringwood, 1974) and the 
conditions within the crust that will result in the generation of 
granite-granodiorite plutons (Wyllie, 1971).
It is often difficult to distinguish the mode of origin from field 
and petrographic studies, and strontium isotopes have been used
extensively to indicate the source of batholiths (Hurley et al3 1965).
87 86Usually, low Sr/ Sr ratios are thought to imply a mantle source while 
high ratios are attributed to a crustal component in the rocks.
Few strontium isotopic studies have been carried out on granitic 
rocks of known derivation and there are no detailed studies of xenolith- 
rich batholiths. The presence of abundant xenoliths indicates at least 
mechanical disequilibrium and represents a situation that is not 
usually considered feasible for total rock Rb-Sr geochronology.
The Murrumbidgee Batholith, A.C.T. and N.S.W., represents granitic 
rock that has probably been derived, wholly or in part, from pre-existing 
crustal material. It is composed of a number of intrusions ranging in 
composition from tonalite to leucogranite. The more mafic intrusions
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contain abundant sedimentary xenoliths in various stages of assimilation.
This study is concerned with several aspects of the Rb-Sr isotope 
geochemistry of the Murrumbidgee Batholith. First, the intrusive age 
of the various phases of the batholith is established. Then, with this 
age or ages determined, the strontium isotope geochemistry of total 
rock systems is examined in detail. Finally a mode of generation of 
the batholith, consistent with the petrology and geochemistry, is 
proposed. In order to account for the isotopic relationships observed, 
a model of the responces of the Rb-Sr system to magmatic processes is 
formulated.
3.2 STRATIGRAPHIC AGE AND PREVIOUS GEOCHRONOLOGY
The batholith is located with the Lachlan Geosyncline of
southeastern Australia. It is southwest of Canberra A.C.T., and is
composed of nine distinct intrusions which occupy a total outcrop area 
2of 1400 km (Figure 3.1). Its relationship to the stratigraphic time 
scale cannot be precisely established. It is structurally concordant 
with enclosing Ordovician metasedimentary rocks although the contact 
relations are obscured along the eastern and northern margins by faulting 
against Silurian felsic volcanics, sandstones and calcareous shales.
Where exposed in the remaining parts, the batholith shows intrusive 
relationships to the metasediments, with a minor zone of thermal 
metamorphism about 100 metres wide in the country rock. The southwestern 
end of the batholith, near Cooma N.S.W., intrudes low-grade regionally 
metamorphosed sandstone and shale identified as Upper Ordovician on the 
presence of graptolites including Diplograptus bicomis Hall (Brown, 1931).
Limited geochronology has been carried out on the batholith.
Evernden and Richards (1962) obtained a K-Ar age of 396 my on a biotite 
from the northern part of the batholith and younger biotite ages of 348 
and 376 my from the northeastern part. The younger ages were attributed to
21
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FIGURE 3.1 GEOLOGY OF THE MURRUMBIDGEE BATHOLITH
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argon l o s s  as t h e  samples were from rocks  n e a r  th e  Murrumbidgee F a u l t  
(F igu re  3 .1 )  and showed obvious  s h e a r i n g .
Rb-Sr geochronology (Pidgeon and Compston, 1965) has  been  c a r r i e d  
ou t  on th e  Cooma Gneiss l o c a t e d  t o  t h e  s o u t h - s o u t h e a s t  o f  t h e  b a t h o l i t h .  
The Cooma Gneiss  was found to  have an age o f  415 + 11 my w h i le  a s i n g l e  
sample o f  a d a m e l l i t e  from th e  Murrumbidgee B a t h o l i t h  gave a m in e ra l  
i s o c h ro n  o f  417 + 6 my. The age f o r  th e  a d a m e l l i t e  i s  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  from t h e  g n e i s s  age ;  in  f a c t  t h e  s o u th e r n  end o f  t h e  b a t h o l i t h  
i n t r u d e s  th e  h ig h - g r a d e  O rdov ic ia n  rocks  a s s o c i a t e d  w i th  th e  Cooma G ne is s .  
Using t h e  recommendations o f  th e  IUGS commission on P hane rozo ic  t ime 
s c a l e s  (1967) i t  would a p p e a r  t h a t  t h e  b a t h o l i t h  i s  S i l u r i a n  in  age .
3 .3  GEOLOGY OF THE MURRUMBIDGEE BATHOLITH
The geo logy and p e t r o l o g y  o f  t h e  Murrumbidgee B a t h o l i t h  has  been 
d e s c r i b e d  in d e t a i l  by S n e l l i n g  (1960) .  L a t e r  Joyce ,  (1970) s t u d i e d  th e  
geo ch e m is t ry  o f  t h e  b a t h o l i t h .  Much o f  t h i s  s e c t i o n  i s  d e r iv e d  from t h e s e  
p r e v io u s  works.
Both S n e l l i n g  (1960) and Joyce  (1973a) d iv i d e d  th e  p h ases  o f  t h e  
b a t h o l i t h  i n t o  t h r e e  groups  on th e  b a s i s  o f  t e x t u r e s ,  modes and ch e m is t ry :  
th e  "uncon tam ina ted  g r a n i t e s " ,  c o n s i s t i n g  o f  th e  Shannons F l a t  and Tharwa 
A d a m e l l i t e s ;  t h e  "co n ta m in a t e d  g r a n i t e s "  c o n s i s t i n g  o f  f i v e  phases  o f  
g r a n o d i o r i t e  and t o n a l i t e  (C le a r  Range, S t e w a r t s f i e l d ,  B o l a i r o ,
Callemondah G r a n o d i o r i t e s  and Willoona  T o n a l i t e ) ; and th e  " l e u c o g r a n i t e "  
phases  (Yaouk L e u c o g r a n i t e ,  W es te r ly  Muscovite G r a n i t e  and minor 
l e u c o g r a n i t e s ) . Sed im enta ry  x e n o l i t h s  a r e  abundant  in  t h e  con tam ina ted  
g r a n i t e s ,  s p a r s e  i n  th e  uncon tam ina ted  g r a n i t e s  and a b s e n t  from th e  
l e u c o g r a n i t e s .
23
3.3.1 Uncontaminated Granites
The uncontaminated granites make up about 50% of the rocks exposed 
in the batholith. The major part of the uncontaminated granite, the 
Shannons Flat Adamellite, occupies the western portion of the batholith, 
while the minor Tharwa Adamellite is confined to a small area along the 
northeastern border.
The Shannons Flat Adamellite is a coarse-grained porphvritic rock 
composed essentially of quartz, plagioclase, microcline and biotite. 
Accessory minerals are apatite, pyrite and zircon. Microcline phenocrysts 
up to 4 cm in length are distributed irregularly with no preferred 
orientation; biotite flakes, however, impart a minor foliation to most 
samples. Subhedral plagioclase grains up to 4 cm in length are poorly 
zoned with a core of A n ^  and a narrow strongly zoned shell of composition 
An^. Many plagioclase cores are partially altered to sericite and 
epidote while some of the biotite is altered to chlorite and epidote.
The Tharwa Adamellite is mineralogically similar to the Shannons 
Flat Adamellite, however in outcrop it often contains a few small 
xenoliths whereas in the Shannons Flat Adamellite xenoliths are seldom 
seen.
3.3.2 Leucogranites
Coarse-grained leucogranites make up about 10% of the area of the 
batholith. The largest area of leucogranite, the Yaouk Leucogranite, is 
on the southwestern border of the Shannons Flat Adamellite. It is 
composed of microcline phenocrysts, up to 6 cm long, set in a medium­
grained groundmass of quartz, microcline, plagioclase and accessory 
biotite and muscovite. The plagioclase is slightly zoned, ranging from 
An^ - An^2 * Post-crystalline deformation has granulated the quartz and 
fractured and bent the feldspar.
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The adjacent Westerly Muscovite Granite has a similar composition 
to the Yaouk Leucogranite but this intrusion is undeformed.
A series of leucogranite dykes and stocks within the Shannons Flat 
Adamellite have been here designated the Shannons Flat Leucogranite.
These rocks have an aplitic texture finer than the Yaouk Leucogranite 
but a similar mineralogy.
3.3.3 Contaminated Granites
The contaminated granites occupy about 40% of the areal extent of 
the batholith and appear to be intrusive into the uncontaminated granites.
The main features distinguishing the contaminated granites from • 
the other phases of the batholith are the presence of a conspicuous 
foliation and abundant xenoliths. The host rock for the xenoliths is 
medium to coarse grained and consists mainly of quartz, plagioclase, 
microcline, and biotite. Feldspar and biotite tend to occur in clots and 
in strongly foliated rocks the feldspar (especially microcline) and quartz 
show signs of deformation. The interiors of plagioclase grains have an 
approximately uniform composition (An^g) and are separated from an outer 
margin of An^^ by strongly zoned regions. Many plagioclase crystals have 
residual cores of A n ^  to A n w i t h  a sharp unzoned boundary separating 
them from the rest of the crystal. Muscovite is an accessory mineral in 
many of the rocks.
The largest contaminated granite intrusion, the Clear Range 
Granodiorite, has a gradually decreasing K-feldspar content from Mount 
Clear south (Figure 3.1) and grades into a tonalite facies, designated 
the Murrumbucka Tonalite. The tonalite phase is recognized by the 
presence of numerous homblendic xenoliths.
3.3.4 Xenoliths
Xenoliths are present in small numbers in the Tharwa Adamellite and 
very rarely in the Shannons Flat Adamellite. The xenoliths are discoid
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bodies up to several centimetres in size and have a mineral composition 
similar to their host rock. The grain size of the xenoliths is less than 
0.5 mm.
Xenoliths in the contaminated granites are rounded discoid bodies 
generally aligned with the foliation in the host rock. They vary in size 
from several millimetres to 40 cm or larger in diameter. There is a 
complete range of relationships with the host rock from contrasting grain 
size and sharp boundaries to diffuse dark patches within the granitic 
rocks.
Most xenoliths are fine to medium grained aggregates of plagioclase, 
biotite and quartz. This compositional type makes up 80% of the 
xenoliths in the contaminated granites. Their chemical composition is 
presented in Table 5.7. The remaining inclusions include quartzite, mica 
rich and calcareous xenoliths.
3.4 CHEMISTRY OF THE BATHOLITH
Joyce (1973a) has presented detailed chemistry of all the phases of 
the batholith. He has shown that the individual intrusions have limited 
chemical variation and that the average compositions of the contaminated 
granites are similar.
The "style" of variation is different for the contaminated and 
uncontaminated granites as shown from variance data and factor analysis 
(Joyce, 1970). Harker variation diagrams also show the differences and 
Joyce (1973a) used these diagrams to calculate a common "parental magma" 
for the rocks of the batholith.
3.5 PREVIOUSLY PROPOSED GENESIS OF THE BATHOLITH
Joyce (1973a) used the observed petrology and geochemistry of the 
various granitic phases to develop a model for the genesis of the
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batholith. He proposed that during Silurian time the geothermal gradient 
in parts of the Tasman Geosyncline was sufficiently high to partially 
melt psammopelitic rocks equivalent to Ordovician strata now exposed in 
Victoria and southeastern New South Wales. The granitic liquid produced 
in locally isolated regions coalesced and rose to higher levels in the 
crust under tectonic and gravitational impulses. This liquid (Joyce's 
parental magma), while cooling slowly in the upper levels of the crust 
near or at its present location, differentiated by crystal fractionation 
to give rise to the complementary adamellites (uncontaminated granites) 
and leucogranites.
High degrees of melting in the source region caused the remaining 
solid material to be incorporated in the anatectic melt. Tectonic 
pressures caused this xenolith-liquid mush to rise and be emplaced at 
similar levels to the first magma fraction. Continued interaction of 
melt and incorporated solid material ensured partial solidification before 
emplacement thus preventing fractionation of the contaminated granites 
to form a leucogranite fraction.
Snelling (1960) proposed a slightly different origin. He suggested 
that the adamellites closely resembled the original parental magma in 
composition. The adamellites had assimilated a minor amount of material. 
Assimilation of larger proportions of sedimentary rock and crystal- 
xenolith settling in a magma chamber gave rise to the contaminated 
granites and an acidic residual liquid similar to the composition produced 
by fractional crystallization of a granitic magma. Snelling thus 
considered that the formation of the contaminated granites resulted in a 
liquid more acid than the parental magma and equated this magma with the 
leucogranites of the batholith.
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3.ö SAMPLING
Most of the samples in this study were collected by Dr A.S. Joyce 
for a geochemical project (Joyce, 1973a) and were provided by the Geology 
Department A.N.U. These are the 20500 series numbers in the data tables. 
Additional samples were collected for more detailed analysis of parts of 
the batholith. One sample (YOU-1) was provided by Dr S.R. Taylor and was 
previously analyzed by Kolbe and Taylor (1966) as sample number 10. All 
sample locations are shown in Figure 3.1.
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CHAPTER 4
RUBIDIUM-STRONTIUM AGE OF THE MURRUMBIDGEE BATHOLITH
4.1 INTRODUCTION
This chapter will discuss the determination of the age of the 
various phases of the batholith by using both total rock and mineral 
data. The geochemical data of Joyce (1973b) will be used to aid the 
interpretation of the Rb-Sr results.
4.2 SHANNONS FLAT ADAMELLITE
The Shannons Flat Adamellite is the largest intrusion within the
batholith, comprising almost half of the exposed rocks. The data are
presented in Tables 4.1 and 4.2 and Figure 4.1 is an isochron diagram
of all the total rock samples. The isochron is a reasonably well defined
linear array, but the scatter of the data points is greater than expected
(MSWD = 5.7; Table 4.3) suggesting that the rocks are not exactly the
87 86same age or that they had slightly different values for initial Sr/ Sr 
on crystallization. The regression age is 437 ± 10 my and is 
significantly older than the mineral isochron of Pidgeon and Compston 
(1965) at 417 ± 6 my. The parallel lines on Figure 4.1 are discussed 
below.
The sample of Pidgeon and Compston was reanalyzed along with 
mineral separates from four other samples. The plagioclase, microcline 
and total rock data are presented in Figure 4.2 with isochrons drawn 
through three samples. Two of the isochrons (20528, 20563) are from 
other intrusions and will be discussed in section 4.5. Biotites are not 
included in the figure but have been regressed with their associated total 
rocks and minerals. The regression analyses are given in Table 4.3.
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The five mineral isochrons agree very closely, ranging from 425 to 
419 my in age, having a mean value of 422 ± 2 my. Only sample 20513 
shows significant deviation from within experimental error. The original 
measurement of Pidgeon and Compston (1965) is confirmed and it is plain 
that there is a serious discrepancy between the mineral and total-rock 
ages. As there are no metamorphic effects evident in this intrusion and 
the contact relationships indicate that it was emplaced at a high level 
in the crust, it is expected that the total rock and mineral ages should 
agree. Thus a closer look at the total rock data is warranted.
Cluster analysis of the geochemical data (Joyce, 1973b) showed that 
despite its apparently homogeneous chemistry and petrography, the 
Shannons Flat Adamellite is a chemically composite body. Joyce divided 
the intrusion into northern and southern phases with all samples north 
of line ZZ in Figure 3.1 in the northern phase and the remainder of the 
samples in the southern phase (data Tables 4.1 and 4.2). A third group 
of two geographically related samples (20505, 20508) and two unrelated 
samples (20525, 20524) were also distinguished within the southern phase. 
In making these chemical distinctions Joyce did not imply that the phases 
were not comagmatic. Separate isochrons have been drawn for the three 
groups identified (Figure 4.1). The deviations from experimental error 
for the individual lines are less than for all the samples regressed as 
one group (Table 4.3). The ages of all three groups are similar to one 
another and have a pooled value of 415 ± 9 my. This age is younger, but 
not significantly so, than the mineral ages of 422 ± 2 my; in fact the 
total rocks must be at least as old as the minerals. Therefore the 
minerals may be added to the regressions associated with their total 
rocks. These regressions for the two major groups (Table 4.3) indicate 
ages of 423 ± 2 my (northern group) 419 ± 2 my (southern group) with the 
southern group showing a slight deviation from experimental error. The
35
ages and initial ratios (.7090 + 1, northern; .7100 + 2, southern) are 
significantly different from one another at the 95% level.
As the dispersion of Rb/Sr is low for the total rocks, the 
minerals, and especially biotite, control the ages of the isochrons. 
Therefore the difference in age may be due to the southern phase 
intruding at a slightly later time (4 ± 3 my), or the minerals in the 
southern phase recording a younger event.
In summary, the 437 ± 10 my total-rock age is viewed as an 
incorrect interpretation of the data because of a variation of initial 
^Sr/^Sr in the intrusion.
4.3 LEUCOGRANITES
The leucogranites in the batholith are free of xenoliths and appear 
to be closely associated with, and intruded into, the uncontaminated 
granites. Joyce (1973a) proposed that they resulted from crystal 
fractionation of the magma that gave rise to the adamellites. Two major 
leucogranites are associated with the Shannons Flat Adamellite; one 
extensive exposure (the Shannons Flat Leucogranite) is within the 
northern and southern phases, while the other (Yaouk Leucogranite) is on 
its southwest boundary (Figure 3.1). The Rb-Sr data for the 
leucogranites are given in Table 4.4.
The isochron for the Shannons Flat Leucogranite (Figure 4.3) shows 
wide dispersion in Rb/Sr and results in an age of 424 ± 2 my with an 
initial ratio of .7090 + 6. The data fit to within experimental error 
(Table 4.5). The very close agreement both in age and initial ratio with 
the northern phase of the Shannons Flat Adamellite implies that the 
leucogranite was derived from the same source as the adamellite and that 
differentiation from the same magma is probable.
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Previously it was suggested that the southern phase of the 
Shannons Flat Adamellite was possibly younger than the northern phase.
As the Shannons Flat Leucogranite intrudes both phases of the 
adamellite, the southern phase must have already been emplaced at 423 my 
which makes any difference in emplacement age negligible. Consequently 
the minerals of the southern phase must be recording a slightly younger 
event than the minerals of the northern phase. As the difference in 
ages (4 ± 3 my) is small it is possible that the time difference is 
related to a longer cooling period in the southern phase of the 
adamellite.
The Yaouk samples have limited dispersion in Rb/Sr and appear to
lie on the Shannons Flat Leucogranite isochron (Figure 4.3). Thus it
appears that the two leucogranites have been derived from the same or
similar sources. It is impossible to determine if they were derived
87 86from the southern Shannons Flat phase using the initial Sr/ Sr, as 
this parameter is not well determined by the present samples because of 
their large values of ^Rb/^Sr.
All the leucogranite samples can be regressed together to give an 
age of 423 ± 2 my. The fit of the line slightly exceeds experimental 
error implying that there may be a difference in the age or initial ratio 
between these two leucogranites.
Ages for two muscovite separates from the Westerly Muscovite 
Granite, a leucogranite on the western margin of the Yaouk Leucogranite, 
were determined at 417 and 414 ± 4 my. The younger age of 414 ± 4 my is 
from a greisen near the contact with the Yaouk Leucogranite. These 
muscovites are similar in age to the younger biotites from the southern 
phase of the Shannons Flat Adamellite.
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4.4 HONEYSUCKLE CREEK
Sampling on a much more local scale was carried out along the 
contact between the Shannons Flat Leucogranite and the Shannons Flat 
Adamellite at Honeysuckle Creek (Figure 3.1). Samples of a wide variety 
of granitic rocks ranging from adamellite to leucogranite were collected 
along a half mile road cutting. A number of xenoliths were also sampled. 
The data are presented in Table 4.6 and the isochron in Figure 4.4.
The regression analysis (omitting xenolith 74-57) indicates that 
there is some geological variation in the samples from this area (Table 
4.5), however both the age of 423 ± 6 my and initial ratio of .7095 + 5 
are in excellent agreement with the Shannons Flat Adamellite and 
leucogranites. The variation can be attributed to the abundant xenoliths 
at this location not all of which have equilibrated with the magma.
4.5 CONTAMINATED GRANITES
Field relationships show that four of the five phases of 
contaminated granites have intruded the uncontaminated Shannons Flat 
Adamellite or the leucogranites. Joyce (1973a) has concluded that the 
three granitic types are closely related both genetically and temporally. 
It would thus appear that the contaminated granites should have the same 
or a slightly younger age than the uncontaminated granites.
The mineral and total rock data for the Shannons Flat Adamellite 
and the leucogranites indicate that only a short cooling interval of 
about 4 ± 3 my elapsed between the time of intrusion (423 ± 2 my) and 
the final closure of the mineral Rb-Sr systems. No subsequent thermal 
event has reset any of the mineral systems. Thus mineral isochrons 
provide close approximations to the time of intrusion of the various 
phases of the batholith. This result is of great value in determining 
the ages of the contaminated granites. These rocks contain abundant
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sedimentary xciioliths which have not equilibrated their strontium 
isotopes with the magma, and the total rock isochrons must be interpreted 
with some caution (Section 5.2).
The relevant total rock and mineral Rb-Sr data for the various 
phases of the batholith are presented in Table 4.7. Biotite ages are 
given in Table 4.8. No initial ratio has been assumed; each biotite 
has been paired with its total rock to determine the age. The mineral 
isochrons from the uncontaminated granites have shown that this is a 
valid procedure. Additional mineral data are presented in Figure 4.2 
and regressions in Table 4.5.
The Clear Range Granodiorite, the largest intrusion of contaminated 
granite, occupies the southeastern portion of the batholith (Figure 3.1). 
Two biotite samples (20535, 20576) from the same location in this 
intrusion (granodiorite and xenolith) have concordant ages of 419 and 
418 ± 4 my. The excellent agreement indicates that the minerals within 
the xenolith have equilibrated their strontium isotopes, as would be 
expected for temperatures present at the time of crystallization.
A mineral isochron (from sample 20563; Figure 4.2) from the 
Murrumbucka Tonalite, a local phase at the southern end of the Clear 
Range intrusion (Figure 3.1), has a much younger age (392 ± 4 my) than 
the biotites from the northern part (418 ± 4 my). This tonalite intrudes 
the northern part of the Cooma Gneiss (415 ± 11 my) where a number of 
biotites and pegmatites have similarly younger ages ranging from 394 to 
402 my (Pidgeon and Compston, 1965).
Single biotite age determinations have been made on the remaining 
contaminated granites on the southern margins of the Shannons Flat 
Adamellite. The Willoona and Callemondah ages are both 419 ± 4 my while 
the Bolairo biotite is slightly younger than the other intrusions with 
an age of 411 ± 4 my. No mineral separates were analyzed from the
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TABLE 4.8
Mica Ages
(Biotite Ages - biotite-total rock pairs)
Sample No. Age (my)2o error = ± 4 my
Shannons Flat Adamellite (north)
GA 290 423
20521 424
Shannons Flat Adamellite (south)
20502 418
20513 422
Tharwa Adamellite
20528 412
Clear Range Granodiorite
20535 419
20563 392
20576 (xenolith) 418
Callemondah Granodiorite 
20546 419
Bolairo Granodiorite 
20551 411
Willoona Tonalite 
20555 419
Westerly Muscovite Granite
20569 (muscovite) 
74-63 (muscovite)
417
414
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Stcwartsfield Granodiorite.
The Tharwa Adamellite is situated along the northeastern margin of 
the Shannons Flat Adamellite. The two adamellites are chemically and 
mineralogically very similar and both Snelling (1960) and Joyce (1973a) 
classified the Tharwa Adamellite as an uncontaminated granite. It 
contains minor xenolithic material, however, which appears to have 
affected the Rb-Sr total rock system and thus it will be discussed in 
this section.
The mineral isochron for the Tharwa Adamellite (sample 20528,
Figure 4.2) has an age of 416 ± 8 my. The data deviate from within 
experimental error. It appears to be caused by the biotite with a 
slightly younger age of 412 ± 4 my. If biotite is rejected from the 
regression the plagioclase-microcline-total rock isochron has an age of 
423 ± 6 my and just fits to within experimental error (Table 4.5) . Thus 
the intrusion appears to be of a similar age to the Shannons Flat 
Adamellite. Possibly the shearing associated with the Murrumbidgee Fault, 
which has been shown to have affected K-Ar biotite ages may have also 
affected the biotite Rb-Sr age.
4.6 DISCUSSION OF RESULTS
Geochemical analysis can be of great value in aiding the 
interpretation of isotopic work. The total rock isochron for all the 
Shannons Flat Adamellite samples indicates an age of 437 ± 10 my while 
the minerals from the adamellite indicate a much younger age of 422 ± 2 
my. No reason for this discrepancy is apparent in the field relations or 
petrology and usually the difference would be attributed to slow cooling 
of the pluton or to a later metamorphic event that affected the minerals. 
Cluster analysis of the geochemical data (Joyce, 1973b) resolves this 
problem. Using the geographic divisions outlined by Joyce, the Rb-Sr 
total rock isochrons indicate much younger ages in agreement with the
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minerals. The two major phases have ages of 423 ± 2 my (northern) and 
419 ± 2 my (southern).
The division of the pluton into separate phases shows that there 
are at least two distinct initial ^Sr/^Sr ratios of .7091 + 1 and 
.7100 + 2. There may be an even higher value of about .711 but the two 
samples do not adequately define their initial ratio. The Shannons Flat 
Leucogranite has the same age and initial ratio as the northern phase of 
the adamellite and supports the conclusion of Joyce (1973a) that they 
were derived from the same magma source. It must be emphasized that the 
cluster analysis of the geochemical data resolved the problem of the age 
of the pluton. The total rock strontium isotopic results, when taken as 
a whole, indicate that there is a difference in age or initial ratio for 
the samples but they do not suggest how to divide the data to determine 
the correct age.
The southern phase of the Shannons Flat Adamellite appears to be 
4 ± 3 my younger than the northern phase dated at 423 ± 2 my. The 
Shannons Flat Leucogranite (424 ± 2 my) is intrusive into both phases 
and shows that all three intrusions were emplaced at essentially the same 
time. The Honeysuckle Creek samples also have an age of 423 ± 6 my and 
can be pooled with the northern phase and leucogranite of the Shannons 
Flat intrusion to give a very precise age of 423 ± 1 my as the time of 
crystallization of the rocks.
The slightly younger age for the southern Shannons Flat Adamellite 
(419 ± 2 my) can be related to a short cooling interval. Further support 
for this cooling is suggested by the biotite and muscovite results from 
other intrusions also located in the southern part of the batholith. 
Excluding the low ages of 392 ± 4 my for sample 20563, 411 ± 4 my for 
20551 and 412 ± 4 my for the Tharwa Adamellite, the pooled age for seven 
micas is 418 ± 2 my. Inclusion of the two southern phase biotites does
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not change this result. As the biotitcs from the Shannons Flat northern 
phase are older, at 423 ± 3 my the cooling interval may be related to 
the depth of intrusion. The northern part of the batholith could have 
intruded to a higher level in the crust and cooled more quickly than 
the southern section which was at a deeper level. If this is the case 
then the contaminated granites are older than 418 ± 2 my and probably 
intruded at the same time as the rest of the phases of the batholith 
(423 ± 1 my).
The younger age from a biotite of the Bolairo Granodiorite (411 ±
4 my) could be related to local slow cooling or the intrusion itself 
could be younger. The younger mineral isochron for the Murrumbucka 
Tonalite (392 ± 4 my) is possibly connected to later thermal events that 
have also affected the Cooma Gneiss to a minor degree.
4.7 SUMMARY
The Murrumbidgee Batholith has been found to have a Rb-Sr age of 
423 ± 1 my. Most or all of the phases of the batholith were intruded 
at this time. A short cooling time of approximately 4 ± 3 my has been 
detected for the southern portion of the batholith and is possibly 
related to a deeper level of intrusion than the northern section.
The grouping of the Shannons Flat Adamellite samples, based on the 
cluster analysis of Joyce (1973b), to resolve the data into groups of 
differing initial ratios, gives independent evidence of the value of the 
statistical treatment of geochemical data.
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CHAPTER 5
STRONTIUM ISOTOPIC RELATIONSHIPS IN THE 
MURRUMBIDGEE BATHOLITH
5.1 INTRODUCTION
This chapter is concerned with the strontium isotope geochemistry 
of the total rock systems in the Murrumbidgee Batholith, and 
especially in the contaminated granites. The previous chapter 
established that the intrusive age of the batholith is 423 ± 1 my with 
some intrusions being slightly younger. This intrusive age, the 
petrography of Snelling (1960) and the geochemistry of Joyce (1970) are 
used as constraints on the interpretation of the isotopic data.
In order to compare the results for the contaminated granites with 
the other phases of the batholith, a "reference" isochron for the 
uncontaminated Shannons Flat Adamellite and the leucogranites has been 
placed on each isochron diagram.
The regressions of the data are given in Table 5.5 and are 
referred to in the text.
5.2 STRONTIUM ISOTOPIC COMPOSITION OF THE INTRUSIVES 
5.2.1 Clear Range Granodiorite
The Clear Range Granodiorite (Figure 3.1) is the second largest 
intrusion in the batholith, comprising about 30% of the exposed rocks. 
The gradation in both mineralogy and chemistry in a southerly direction, 
noted by Snelling (1960) and Joyce (1970) is reflected in the Rb/Sr 
ratios of the samples (Table 5.1). This ratio decreases towards the 
south as a result of a general increase in strontium and a decrease in 
rubidium (Figure 5.1). At the southern end, the Murrumbucka Tonalite
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has the lowest Rb/Sr ratios with the exception of sample 20537.
The isochron (Figure 5.2) for all the data is not well-fitted 
relative to experimental precision (MSWD = 198) and gives an apparent 
age of 493 ± 41 my. The age is significantly greater than the known 
age of 423 ± 1 my for the batholith. If the xenoliths and the 
Murrumbucka Tonalite samples are omitted from the regression, the fit of 
the data is improved (MSWD = 42) but the age is even older at 536 ± 30 
my. It is obvious that the samples did not have the same value for 
^Sr/^Sr at the time of emplacement.
All but one of the data points lie distinctly above the reference 
isochron for the xenolith-free phases indicating that at the time of 
intrusion almost all the Clear Range Granodiorite samples had initial 
ratios distinctly higher than the Shannons Flat Adamellite. The one 
sample that is below the reference isochron (20537) appears for this 
reason to be an outlier, and if it is rejected from the previous 
regression of the Clear Range samples, the age for the 10 samples 
becomes 491 ± 37 my with a much improved fit (MSWD = 13.2). The age 
is still anomalously old and it remains the same as the regression of 
all the samples.
5.2.2 Willoona Tonalite and Callemondah Granodiorite
Figure 5.3 and Table 5.2 present the data for two small 
contaminated granites on the southeastern side of the Shannons Flat 
Adamellite, the Willoona Tonalite and the Callemondah Granodiorite.
The isochrons for these contaminated granites are indistinguishable 
from one another, with ages of 491 ± 30 my for the Willoona Tonalite and 
491 ± 67 my for the Callemondah Granodiorite, both with an initial ratio 
of approximately .711 + 2. The Callemondah Granodiorite is a poorly 
fitted line (MSWD = 230) while the Willoona Tonalite is moderately-well 
fitted (MSWD = 15). The ages for both intrusions again are too old,
53
O _Q -C
~ o  £  •
o 3
FI
G
U
R
!
Wi
ll
oo
na
 T
on
al
it
e,
 C
al
le
mo
nd
ah
 G
ra
no
di
or
it
e 
Da
ta
54
■X -X * -X -X •X •X -X -x * *
p o  o o  o  o o  o CM O  O  O  O
co rH rH rH H  rH rH \0 rH rH rH rH rH
86 a +i +i +i +i +i +i +i +i +i +i +i +i
\  CM
p rH CTi t'"'- rH "P LO IO M O  cO M
in +i CM LO O  to *P rH H  O  CD OO Px CM LO O  CO vO CO r—t LO rH rH CD rH
00 rH CM rH tO tO CM tO tO M- tO CM to
x  c- t-» r". t'-' x x  x  in
P
COVO
co ■p" o
oo cn O  LO o t rH cO ^  O  ^  CM
rO LO o H  N  o o  to x  cn o  x  co
CM "P" CO N  LO lO  p- -tt to O  to OO
r^- • • • • • • • • • • • •
CO CM to to CM CM tO c} to H  CM
/— \
£ ............
P  c* CM CM M- LO Cn tO LO \D tO N  H
CO Ch O  X> vO to to P" rH ■p- to LO O  LOto rH CM rH rH H  rH rH rH rH CM rH
/— \ o to *P
£ • • • • • • • ............
,o P-, to LO 'P' v£5 *P LO p- r- cn oo h
os P h cm to LO N  VO to cn t"-» o  Lo cn LO
0
rH rH rH rH rH CM rH rH
4->
•H
P
O•H
T3
O rP CDc ■P +Jp •H •H
p rH rH
CP o P
p P
x: CD o• p X E-o X}
p cX cc cc X  cX X  X P X  Pi X  DC Xo E- E- E- E-* E- E-1 H P H  H  H  H  E-1HP <D 6 oX  >H CD CM to M  tO vO co o to rt uo O  N
<  cx rH ■p- *p •p- >P 'P -p- X rH LO LO LO LO LO
e r—1 LO LO LO LO LO LO LO rH LO LO LO LO LOP P o  o o  o  o o  o •H o  o  o  o  o
CO U CM CM CM CM CM CM CM CM CM CM CM CM
PCO
T3
CD
oo
*
Rb
/ 
Sr
 b
y 
XR
F 
an
d 
Sr
/ 
Sr
 b
y 
un
sp
i
55
<D C
o <b
> ® X
FI
G
U
R
56
indicating that equilibration of strontium isotopes was not attained 
within the intrusions during the assimilation of xenoliths. It is 
surprising that the Willoona data are so well fitted considering the 
abundance of xenoliths.
The data points for both intrusions define isochrons well above 
the reference line and also slightly above the Clear Range Granodiorite 
line.
5.2.3 Stewartsfield and Bolairo Granodiorites
The Stewartsfield and Bolairo Granodiorites are small 
contaminated granites on the southwestern, side of the Shannons Flat 
Adamellite (Figure 3.1). The Rb-Sr data for these bodies are given in 
Table 5.3.
The isochrons in Figure 5.4 indicate that the intrusions have 
ages indistinguishable from the emplacement age for the batholith: 
Stewartsfield Granodiorite at 411 ± 26 my and Bolairo Granodiorite at 
404 ± 22 my. The Bolairo data points fit to within experimental error 
(MSWD = 2.37) while the Stewartsfield data indicate a moderate scatter 
(MSWD = 37). No mineral ages are available for the Stewartsfield 
intrusion, a body to the west and separated from the majority of 
intrusions, and it can only be assumed that it is of a similar age to 
the rest of the batholith. The dispersion in Rb/Sr is good but is the 
result of one point being separate from the others. This point 
essentially determines the age.
The Bolairo samples have a low dispersion in Rb/Sr and it would 
appear from the resultant age of 404 ± 22 my that the magma was in 
equilibrium with respect to strontium isotopes at the time of 
crystallization. A biotite age of 411 ± 4 my from one sample agrees 
with the total rock age to within the error limits.
The data points from both intrusions lie above the Shannons Flat
87 86Adamellite line and appear to be distinct in mean initial Sr/ Sr
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from one another.
5.2.4 Tharwa Adamellite
The Tharwa Adamellite is located on the northeastern margin of 
the Shannons Flat Adamellite. This intrusive was previously classified 
by Joyce (1970) and Snelling (1960) as an uncontaminated granite 
because it has very few xenoliths and a chemistry and petrology similar 
to the Shannons Flat Adamellite. Table 5.4 presents the Rb-Sr data.
Figure 5.5 shows that the isotopic characteristics of the Tharwa 
Adamellite resemble the contaminated granites. The data points are 
poorly fitted to a regression line (MSWD = 180) with an apparent age 
of 417 ± 57 my and an initial ^Sr/^Sr of .7098 + 40. In contrast to 
some contaminated granites, the "isochron" is indistinguishable from 
the reference line for the Shannons Flat Adamellite.
Three of the samples that lie above the reference isochron (530, 
327, 328) are from a geographically restricted area to the south of the 
village of Tharwa (Figure 3.1). Of the remaining seven samples, six 
are from north of Tharwa and one is from the extreme southern end of 
the intrusive. If the six northern samples are regressed the fit of the 
data is markedly improved (MSWD = 29) but the age is anomalously old 
at 484 ± 44 my, the same age as three of the contaminated granite 
intrusions.
Limited chemical analyses indicate that the three samples high in 
87 86Sr/L Sr may be different from the other samples. Chemical analyses 
are only available for the 20500 series samples but Table 5.6 shows 
that 20530 is more leucocratic than four of the other samples with 
data points on the lower isochron. Thus, on chemical grounds, the 
rejection of the three samples from the isochron regression may be valid. 
It could be that the three samples are defining a smaller separate
intrusion within the Tharwa Adamellite.
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It is considered that the grouping of the six northern samples is 
a valid procedure in this case because of their geographical 
relationships, the improved fit of the isochron and the similarity of 
the "age" to the contaminated granites. The extreme southern sample 
may be related to the six northern ones.
5.3 DISCUSSION OF THE ISOTOPIC RESULTS
5.3.1 Comparison of the Isotopic Data with the Model of Joyce
The most striking result from the data is the apparent agreement 
in "age" between three of the contaminated granites and the northern 
part of Tharwa Adamellite at approximately 490 my. It has been 
established previously that the age of this batholith is 423 ± 1 my. 
Therefore the ’’ages" of 490 my cannot represent the time that the rocks 
were intruded.
A model for the generation of the Murrumbidgee Batholith by 
partial melting and assimilation of sedimentary material was first 
proposed by Snelling (1960). Joyce (1973a) used geochemical data to 
further refine and modify the original hypothesis. Joyce proposed that 
the uncontaminated granites are the result of melting of sedimentary 
material at depth. Extensive reaction of this parental magma with the 
relict solid sedimentary material, in the source region, gave rise to 
the contaminated granites.
This model, with some modification, may be tested against the 
strontium isotopic results to see if it is consistent with the data 
and also if it can account for the anomalously old ages.
The isochron plots show that all but one sample (20537) of the 
contaminated granites lie well above the isochron for the Shannons Flat 
Adamellite, indicating that at the time of crystallization the 
contaminated granites had higher and distinctly different initial ratios 
than the parental magma as represented by the uncontaminated granites.
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It is conceivable that the initial melt from sedimentary material
could have a different Rb/Sr and 1 Sr/ Sr value than the residual
material. The first melt, however, would be expected to be rich in
rubidium and possibly radiogenic strontium and would have a higher 
87 86initial Sr/ Sr than the relict material. This is the opposite to
what is observed and therefore the two major granite types appear to
be derived from different sources and mixing has taken place between
material of different strontium isotopic composition.
This mixing of rock types with different isotopic compositions
may explain the anomalous ages. After mixing, presumably just prior to
87 86emplacement, the resultant magma would have had a Rb/Sr to Sr/ Sr
correlation with a positive slope indicating an "age" of approximately
70 my, the difference between the apparent ages and the emplacement age.
Strontium isotopic equilibrium was nearly attained by the Shannons
Flat Adamellite, as the total rocks yield the approximate intrusive
87 86age and only a small variation in the initial Sr/ Sr ratios. Thus 
it may be assumed that strontium isotopes in the parental magma were 
nearly in equilibrium at the time of reaction of magma with relict 
sedimentary material. Samples of the sedimentary rocks that melted and 
reacted with the magma would have a positive slope on an isochron 
diagram just prior to melting, reflecting the time elapsed since their 
deposition. Because of variable extent of reaction, mixing between 
magma and sediments would be random and result in a scatter of data 
points.
Figure 5.6 has been constructed to accurately represent the
possible mixing in the batholith. From analysis of chemical variation
diagrams, Joyce (1973a) proposed rubidium and strontium concentrations
for the parental magma which result in a Rb/Sr value greater than the
87 86highest Rb/Sr for the contaminated granites. The Sr/ Sr of the
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parental magma must be such that it is located on the reference
isochron. Because the assumed parental magma has a lower initial 
8 7 86Sr/ Sr and higher Rb/Sr than the contaminated granites, the
sedimentary material at the time of mixing must have had initial 
8 7 86Sr/ Sr ratios greater than the present contaminated granites and
more restricted Rb/Sr values (Figure 5.6).
The mixing model proposed in Figure 5.6 appears to be broadly
consistent with the data but in detail cannot adequately explain a
87 86number of chemical and isotopic characteristics. The initial Sr/ Sr
ratios of the contaminated granites might be expected to be similar if
these granites were derived from the same source regions. The error
limits on the initial ratios tend to overlap but it can be seen from
the isochrons that the data points occupy lines that are distinct from
one another. A possible reason for this variation is that there has
been different degrees of mixing in each intrusion, a higher ratio of
parent magma to sediment producing a lower initial ratio. Even this
does not seem to be the case. If SiO^ concentration is used as an
index of proportions of mixing, contaminated granites with higher SiC^
87 86define lines on the isochron diagram that indicate higher Sr/ Sr
ratios. This is the opposite to what would be expected if mixing were
87 86with a magma of lower Sr/ Sr ratios and higher SiO^ concentration as 
in the Shannons Flat Adamellite.
It would seem even more unlikely, on the basis of the mixing model
in Figure 5.6, that several contaminated granites with different mean 
87 86initial Sr/ Sr should have the same anomalously old "ages". In 
addition, the fit of the data to isochrons is rather good (MSWD ~ 15 
for the Willoona and Clear Range data) considering the abundance of 
xenoliths in the intrusions. Mixing would probably produce a greater
scatter.
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'Hie Tharwa Adamellite has been classified as an uncontaminated 
granite and some of the samples are chemically identical to the Shannons 
Flat Adamellite (Table 5.6). Isotopically the Tharwa intrusion is 
distinct from the contaminated granite and remarkably similar to the 
Shannons Flat Adamellite. Field relations, however, suggest they are 
separate intrusions (Snelling, 1960). Therefore the Tharwa Adamellite 
may also represent the parental magma but at least the northern part 
of the intrusion has an anomalous age similar to that of the 
contaminated granites. Thus intrusions that are chemically different and 
contain a large range in the abundance of xenoliths appear to be 
preserving the same age.
5.3.2 Chemical Constraints on Mixing Models
The difficulties in resolving the strontium isotopic data with the 
proposed models of magma generation suggest that the mixing models of 
Snelling and Joyce need some modification. The chemical analyses of 
the intrusions provide information independent of the isotopic data to 
test the mixing models. Snelling, from limited chemical data, attempted 
to deduce the sedimentary component's composition and proportions in 
the contaminated granites. Joyce's detailed chemical analysis provide 
better data for this purpose. In addition, Joyce (1973a) calculated 
the chemical composition of the proposed parental magma from Harker 
variation diagrams. He stated that combining the most abundant xenoliths 
with the common parent magma of the batholith "would give compositions 
varying in a similar general fashion to those recorded in the 
contaminated granites". He thought that there was a range of 
compositions in the sedimentary source and that this was the reason for 
the greater chemical variation observed in the contaminated granites 
relative to the uncontaminated granites. It would seem, however, that 
despite a variable sedimentary source the average composition of the
68
TABLE 5.6
Chemical Ana lyses of Uncontaminated Granites*
Shannons 'Flat Groups Tharwa Adamellite
Oxides (%) northern S.D. southern S.D. 4 samples S.D. 20530
Si°2 72.59 .42 71.80 .73 72.27 .81 75.99
TiO, .33 .02 .39 .03 .39 .04 .14
Ai ° 13.97 .17 13.98 .23 13.65 .24 13.63
P*2°3 .59 .13 .60 .09 .64 .08 .23
FeO 1.72 .25 2.01 .08 2.03 .15 1.36
MnO .04 .004 .05 .006 .04 .02 .03
MgO .77 .17 .90 .07 .96 .12 .30
CaO 2.52 .32 2.49 .16 2.32 .28 1.91
Na20 2.67 .08 2.62 .08 2.54 .03 3.45
k2o 4.15 .18 4.35 .23 4.31 .12 2.95
P2°S .08 .01 .10 .01 .10 .01 .08
Elements (ppm)
Ba 647 69 601 64 558 91 505
Rb 174 8 216 18 212 15 143
Sr 152 11 136 8 122 2 265
Zr 144 11 158 16 160 21 105
V 37 7 48 3 50 8 7
Cr 14 2 19 2 23 1 5
Ni 7 1 12 5 11 1 1
Number of 7 14 4 1
samples
*Data from Joyce (1970) except for Rb and Sr determinations 
S.D. standard deviation of population
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sediment assimilated by the parental magma should represent a typical 
sedimentary rock.
Knowledge of the composition of the parental magma and the 
resultant mixture of contaminated granite make it possible to calculate 
the composition of the average sedimentary component mixing with the 
parent magma. The proportion of sedimentary component can be calculated 
by assuming reasonable values for its SiO? content, and the factor can 
then be applied to the remaining elements. Table 5.7 represents this 
calculation as applied to the Callemondah Granodiorite using Joyce's 
parental magma. Joyce has shown that the contaminated granites are 
very similar in chemical composition, therefore the calculation is 
shown for only one intrusion. Table 5.7 also presents data on average 
sediments and the most abundant xenoliths in the Murrumbidgee Batnolith.
Two points are to be noted in the table. The derived 
sedimentary rock has a rather unusual composition if the SiC^ content 
is less than about 63%. It is high in EFe, CaO, MgO and low in K90; 
it does not resemble any sedimentary rock or xenolithic composition.
The other point is that the more reasonable chemical composition for the 
sedimentary component at 65% SiO^ requires assimilation of about 70% 
sedimentary material by the parental magma to form this contaminated 
granite.
Snelling (1960) came to the same conclusions using the composition 
of the Shannons Flat Adamellite as the parental magma. He proposed 
a solution involving the assimilation of basic sediments (Si02 = 55%).
To resolve the problem of the unusual chemistry of the sediments, he 
suggested that accumulation of plagioclase, biotite and some xenolithic 
material in the lower part of a magma chamber would remove the excess 
basic elements. This sinking material reacted with the parental magma 
to form the contaminated granites. The liquid displaced by the 
accumulating material would pass via fractional crystallization to a
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composition more siliceous than the parental magma. He believed that 
this liquid is represented by the leucogranites of the batholith.
This rather complicated sequence of events may be possible but 
is unlikely to have given rise to contaminated granites with very 
uniform chemistry and varying isotopic compositions. In addition it 
has been shown previously that the leucogranites are isotopically 
related to the Shannons Flat Adamellite and their low initial ratio 
exclude them from derivation from the contaminated granites.
The other alternative of a large sedimentary component (60%) 
with a SiO^ content of about 63% would require the magma to assimilate 
more than half its own volume of rock. This situation is unlikely on 
the basis of volume and thermal considerations if it is assumed that 
a separate parental magma supplied most of the heat to melt and 
mobilize the sediments. If the heat source were not confined to 
a magma but rather a locally high geothermal gradient then partial 
melting sufficient to cause the mobilization of sediments and their 
gravitational rise through the overlying crust would eliminate the 
necessity of a separate magma. This appears to be a reasonable 
solution for the generation of the batholith and is similar to the 
original models of Snelling and Joyce but requires that there is no 
separation of an early melt of uncontaminated granite from the unmelted 
residue. In this case the melt and relict xenolithic material move 
upward in the crust as a coherent mass. Kolbe and Taylor (1966) have 
suggested the same derivation for the granitic rocks of the Snowy 
Mountains Area, N.S.W.
Wyllie (1971) has reviewed experiments used to define the melting 
relationships for crustal rocks. He has concluded that melting begins 
in orogenic environments at depths of between 20 and 25 km. The 
product of the anatexis of intermediate composition rocks is a mush 
composed of crystals and water-undersaturated granitic liquid. A
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complete melt of granodioritic composition is unlikely to be attained 
because of the high temperatures required (1100°C).
The proposed model for the generation of the Murrumbidgee 
Batholith appears to be consistent with this experimental evidence.
The petrography indicates that the relict solid phases were not 
restricted to the presently identifiable xenolithic material. From the 
fabrics of chilled phases of the rocks, Snelling (1960) concluded that 
intrusion to the present level occurred when the magma was about half 
crystallized. He considered that before this emplacement, cooling had 
probably been very slow, as indicated by unzoned basic plagioclase 
cores, but after intrusion the rate increased causing the marginal 
zoning of plagioclase. It seems possible that the unzoned plagioclase 
cores are the result of recrystallization in the crystal-liquid mush 
and not cooling from an original melt.
Similar plagioclase zoning in the adamellites would imply that 
they also were never complete melts but rather a crystal-liquid mush. 
The lack of xenolithic material may be related to their more felsic 
composition, melting of which would occur at a lower temperature, or to 
longer residence in a high thermal regime.
5.3.3 Significance of the Anomalous 490 my Age
The modified chemical model for the generation of the batholith 
can now be applied to the strontium isotopic data. In this model each 
intrusion represents a local melting and mobilization of the sediments 
at depth. The only necessary relationship between intrusions is that 
they were all derived from sedimentary material at about the same time, 
as they have similar intrusive ages of 423 my. Thus the strontium 
isotopic data need not be explained by mixing of different source 
materials and could reflect isotopic compositions of their source 
sedimentary rock. In this case the magmas generated have not 
equilibrated their strontium isotopes at the time of intrusion. They
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have retained a pre-intrusive "age” and the similarity of the "ages"
from a number of intrusions suggests that they could represent a real
and significant event in the history of these rocks.
Compston and Pidgeon (1962) first demonstrated that shale samples
might generate a Rb-Sr isochron that records the age of deposition of
the sediments. Since this first attempt many Rb-Sr sedimentary ages
have been determined. It appears that a sedimentary cycle is able to
8 7 86effectively homogenize the Sr/ Sr in the sediments before deposition
or during diagenesis. Bofinger et al (1970) have shown that there may
87 86be a small range in the depositional Sr/ Sr of a shale and attribute
it to provenances with different isotopic compositions. Generally,
the fine-grained sedimentary rocks thus far dated do not retain a
record of the age of their provenance but rather the age of their
deposition or possibly a later thermal event if metamorphism is involved.
Perry and Turekian (1974) have recently attempted to trace the
changes in strontium isotopic ratios that accompany the post-depositional
diagenetic reactions between mineral phases. They found that there was
a trend towards strontium isotopic homogenization during diagenesis and
concluded that dating of shales probably represents the time equal to or
younger than the time of diagenesis.
The xenoliths in the Murrumbidgee Batholith are considered to be
derived from pelitic and psammopelitic sediments from greater depths
than the surrounding Upper Ordovician and Silurian sediments (Snelling,
1960) . Based on the model developed in the previous section, the
granitic magma that contains the xenoliths would also be derived from
the same sediments. These sediments, before melting, should have a
Rb-Sr correlation that records the time of their deposition or diagenesis.
It would be reasonable to attribute the anomalous 490 my ages to
the age of sedimentation as this is presumably the last time the 
8 7 86Sr/ Sr had a uniform value before the generation of the batholith.
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The lack of re-equilibration at the time of magma generation is 
possible as the relict xenoliths indicate that the sediments were not 
completely melted. Previously it has also been suggested that the 
magmas were predominantly a crystal mush with only about 50% liquid 
(last section), at least at the time of intrusion and probably since 
the time of their first melting. Partial reaction of the sediment with 
its melt could be expected to produce a scatter of points around an 
original isochron representing the sedimentation age, however the 
strontium isotopes would tend toward equilibrium and therefore be at 
least partially reset. In many of the Murrumbidgee intrusions the 
degree of resetting of strontium isotopes appears to be minimal and 
confined to a random scattering around a supposed original sedimentation 
isochron. The mechanisms by which this age is preserved will be dealt 
with in the next chapter.
One approach to check the validity of the interpretation is to 
determine whether the age and initial ratios are reasonable for 
sediments in this part of the Lachlan Geosyncline. The oldest rocks 
exposed in this area are Upper Ordovician pelites and psammopelites. 
Along the east coast of Australia there are a number of isolated 
exposures of metagreywackes which are of possible Cambrian age 
(Packham, 1969). These appear to be the oldest exposed rocks in the 
Lachlan Geosyncline. Recent plate tectonic (Oversby, 1971) and 
geosynclinal reconstructions of the area (Crook et 1973) suggest the 
deposition of Cambrian and/or Ordovician volcanics and sediments on an 
oceanic crust. Thus the oldest sediments at depth would be expected 
to be possibly Cambrian or at least Lower Ordovician. According to the 
IUGS Commission on Phanerozoic Time Scales (1967) the Cambrian- 
Ordovician boundary is 500 my. Therefore the apparent age of 490 my 
is consistent with derivation of the granites from Lower Ordovician
sediments.
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87 86The Sr/ Sr for the contaminated granites at their presumed
sedimentation age may be assessed from the regression for each
8 7 86intrusion or by calculating the Sr/ Sr for each sample assuming an
age of 490 my. The latter method has the advantage of considering all
samples and no averaging-effects masking outliers. Figure 5.7 is a
histogram of all the data for the contaminated granites and the Tharwa
Adamellite calculated using this approach. It is unlikely that the
sediments would have had the same age of 490 my, however a reasonable
variation of ± 10 my will only alter each data point by + .0006. The
Bolairo and Stewartsfield data previously shown to approximately
record the intrusive age have been included in Figure 5.7. This is
justified since equilibration of strontium isotopes in the Bolairo
samples at 423 my will have had a minor effect on the individual
samples because of their low dispersion. The Stewartsfield Granodiorite
age is essentially a two point isochron so it is possible that
re-equilibration has not taken place in this intrusion. Even if these
data are excluded the distribution in the histogram will not be
altered. In Figure 5.7, there are two distinct peaks in the initial 
87 86Sr/ Sr of the contaminated granite data, one at .709 and one at 
.712. The Clear Range Granodiorite has the greatest dispersion with the 
higher values falling under the peak for the Willoona and Callemondah 
intrusions. The Tharwa Adamellite has distinctly lower values of .702 
to .705 with three samples (omitted from the age regression) ranging up 
to .709.
87 86If the values in the histogram approximately represent Sr/ Sr 
ratios at the time of sedimentation then the source material for the 
contaminated granites had a range in isotopic composition with maxima 
at .709 and .712 at 490 my. The values are similar to but slightly 
lower than the Upper Ordovician Binjura Beds (.713 ± 3) at Cooma 
(Pidgeon and Compston, 1965). The Tharwa Adamellite value (.702 - .705)
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is significantly lower than the contaminated granites and suggests 
possible derivation from a mantle type source. This point is 
discussed in greater detail in the next section.
The chemical composition of the Murrumbidgee rocks may be 
compared with sediments of a similar or older age in the Lachlan 
Geosyncline. Joplin (1962) has commented on the uniform chemical 
composition (Table 5.7) of the local Upper Ordovician sediments. The 
contaminated granites are similar in composition except for their high 
CaO and Na^O contents. Kolbe and Taylor (1966) found that the granitic 
rocks of the Snowy Mountains have a composition similar to the 
Murrumbidgee contaminated granites and proposed that they were derived 
from equal parts of shale, greywacke and Upper Ordovician 
psammopelites. The presumed Lower Ordovician age for the source 
material prohibits the use of younger sediments and it seems likely that 
the source region for the granite had its own characteristic composition.
The foregoing discussion shows that the age and initial ratios of 
the contaminated granites are consistent with the hypothesis that these 
granites have retained the age and isotopic composition of their source 
sediments. The bimodal distribution of the initial ratios at .709 and 
.712 indicates that there were at least two isotopically distinct 
source regions for the contaminated granites. The Tharwa Adamellite 
was derived from another source with most initial ratios ranging from .0/2 
- .705.
5.3.4 Relationships in the Uncontaminated Adamellites
The Tharwa Adamellite is unique in that it has a minor number of 
xenoliths, classifying it as an uncontaminated granite, yet it appears 
to have strontium isotopic relationships similar to the contaminated 
granites. Chemically it is similar to the two groups of the Shannons 
Flat Adamellite (Table 5.6). The similarity is further emphasized 
by the relations in the isochron diagram (Figure 5.5). The six northern
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Tharwa data points arc dispersed approximately around the Shannons
Flat isochron and had these samples been completely re-equilibrated at
423 my, they would be indistinguishable from the Shannons Flat
Granodiorite on the isochron diagram. If the four southern samples
were included in the re-equilibration the mean isotopic composition
would still be similar to the Shannons Flat Adamellite. Thus, it
appears that the Tharwa and Shannons Flat Adamellites have been
derived from the same source material but must have been subjected to
different melting processes. The Shannons Flat Adamellite is virtually
free of xenoliths and the total rock isochrons indicate that the main
phase of the intrusion was almost completely re-equilibrated just
prior to emplacement. Thus the disintegration of xenoliths appears to
be accompanied by re-equilibration of strontium isotopes.
As the Shannons Flat Adamellite is composed of at least two
phases with distinct initial ratios and chemistry, the source material
for the adamellite must have been inhomogeneous. This is not
unreasonable considering the size of the intrusion. A slight regional
variation in bulk chemistry in the source rocks could be accompanied
87 86by a small variation in initial Sr/ Sr. An alternate possibility,
87 86supported by the present data, is that the Sr/ Sr ratio of the
source was uniform but the Rb/Sr ratio had a regional variation. On
melting, 70 my after deposition (the approximate difference between
the 490 and 423 my previously discussed), the Rb/Sr variation would
87 86have given rise to a regional variation of initial Sr/ Sr.
Equilibration did not take place throughout the entire body but rather
in two major regions. Calculations show that in order to generate the
87 86difference between initial Sr/ Sr of the two major phases of the
87 86Shannons Flat Adamellite in 70 my the average Rb/ Sr of the phases
must differ by only 0.7 (i.e. 3.7 to 4.4). This is very close to the 
87 86observed Rb/ Sr difference between the two intrusions (Figure 4.1).
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Since the uncontaminated granites arc genetically related, the
8 7 86Shannons Flat Adamellite must have had an initial Sr/ Sr similar
to the Tharwa Adamellite prior to melting and re-equilibration. Low
initial ratios are usually attributed to mantle-derived material,
however in this case some prior crustal history is indicated. The 484
my age for the northern Tharwa samples is coincident with the age of
the sedimentary-derived contaminated granites. Preservation of the
old age suggests that, the generation of the Tharwa Adamellite from
its original source and its emplacement at the present level, has not
87 86been accompanied by a significant change in either Rb/Sr or Sr/ Sr.
If the Rb-Sr system has not been altered it is likely that the bulk 
chemistry has also remained unchanged. Both the major and trace element 
data of the adamellites are similar to that given in the study by 
Kolbe and Taylor (1966) in which they concluded that no mantle 
component was involved in the generation of the granitic rocks.
Therefore, even at 490 my, the uncontaminated granite source rocks must 
have been derived from crustal material with a low initial ratio of 
about .705.
Further support for this view is indicated by limited rare earth 
element data. Figure 5.8 and Table 5.8 present data for two samples, 
one from the Tharwa Adamellite and the other from the contaminated 
Clear Range Adamellite. Their concentrations and chondrite normalized 
patterns are similar to each other and also to the composite North 
American Shale (Wildeman and Haskin, 1973). Both show europium anomalies 
of the same size and compare readily with the composite shale.
5.3.5 Origin of the Leucogranit.es
Joyce (1973a) suggested that a parental magma gave rise to the 
leucogranites and left the uncontaminated granites as a residue. The 
model developed for the batholith has shown that a parental magma does 
not exist but does not prohibit the derivation of the leucogranites
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TABLE 5.8
Rare Earth Elements
Sample 1 2 3
LA 21. 30. 32.
CE 44. 50. 70.
PR 5.3 6.8 7.9
ND 17. 24. 31.
SM 4.2 5.2 5.7
EU .78 1.0 1.2
GD 4.1 4.8 5.2
TB .77 .91 .85
DY 4.7 5.4 5.0
HO 1.2 1.1 1.0
ER 3.2 2.8 3.4
YB 3.1 2.9 3.1
1 Sample 20529, Tharwa Adamellite
2 Sample 20535, Clear Range Granodiorite
3 Standard North American Shale (from 
Wildeman and Haskin, 1973)
Analyst: D.J. Whitford
from the adamellites. The similarity of the initial ratios of the 
leucogranites and the northern Shannons Flat phase suggest that there 
is a genetic link between these two rock types.
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It appears unlikely that the presently-exposed adamellites are
the residual product after differentiation of the leucogranites as
Joyce proposed. Chemically the Shannons Flat Adamellite and four of
the apparently older Tharwa Adamellite samples are similar. If they
were derived from the same source, then the preservation of the older
age for the Tharwa Adamellite suggests that the differentiation has not
taken place. It is difficult to conceive of a mechanism that would
allow crystal fractionation and still retain the original disequilibrium
isotopic characteristics. It would be expected that the strontium
isotopes might be homogenized in the adamellite during this process;
they are certainly homogeneous in the leucogranite.
The agreement between the calculated and observed regional
variation of Rb/Sr required to give rise to the observed variation in 
87 86Sr/ Sr within the two phases of the Shannons Flat Adamellite also 
suggests that differentiation has not taken place. Removal of a 
leucocratic component would be expected to produce a greater variation
in Rb/Sr and mask the observed original correlation of Rb/Sr with
87_ /86c Sr/ Sr.
A possible solution to the problem is that a volcanic phase was 
also involved in the differentiation process. Silurian acid volcanics 
are common on the northern and eastern margins of the batholith and 
could well represent an extrusive component of the batholith.
In a previous study (Bofinger et al3 1970) Rb-Sr geochronology 
was carried out on the Mount Painter Porphyry and Stromlo Volcanics to 
the north of the batholith. The Mount Painter Porphyry is a high-level 
sill which is believed to be equivalent to the nearby massive flows and 
ash-flows of the Stromlo Volcanics. Petrographic examination of these
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rocks (B.L. Gulson, written communication) shows that they consist of 
about 50% phenocrysts up to 5 mm in size in an extremely fine-grained 
quartzo-feldspathic groundmass. The phenocrysts consist of plagioclase 
(60 - 70%), quartz (10 - 15%), biotite (10 - 15%) and minor potassium 
feldspar and chlorite. The plagioclase is zoned and specific gravity 
separations indicate an oligoclase composition.
87 86These rocks were found to have an initial Sr/ Sr of .7092 + 4, 
the same value as the leucogranites and the northern phase of the 
Shannons Flat Adamellite. The age was found to be 438 ± 4 my, much 
older than the batholith. Recent recalibration of spikes at A.N.U. 
using stoichiometric rubidium and strontium salts from the U.S.
National Bureau of Standards has shown that ages produced since 1967 
should be decreased by 1.8% (deLaeter et at3 1973). Two biotite 
samples from the Mount Painter Porphyry were re-analyzed to confirm 
this shift. Their remeasurement is 430 ± 4 my, in good agreement with 
the difference expected from the results of deLaeter et at. The age is 
significantly older than the mineral age of the batholith (423 ± 1 my) 
and can be interpreted as being a separate and earlier igneous event 
or as indicating that there was a long cooling episode (7 ± 5 my) in 
the Shannons Flat Adamellite. This cooling period may be the case as it 
has been previously shown that the southern part of the batholith 
appeared to be 4 ± 3 my younger than the northern part.
Giemical data can be used to test the possible genetic 
relationships of the volcanics and the granites. Major element 
analyses for six of the Mount Painter Porphyry and Stromlo Volcanics 
previously used in the Rb-Sr study of Bofinger et at (1970) are given 
in Table 5.9. Their major element chemistry is relatively uniform 
except for sample GA 2821. When compared with the major element 
chemistry of the Shannons Flat phases in Table 5.10, it is seen that 
this sample closely resembles the adamellite in composition.
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Table 5.10 also presents a comparison of the mean values and 
standard deviations of the major element chemistry, rubidium and 
strontium compositions for five of the six volcanics (from Table 5.9;
Rb and Sr from Bofinger et als 1970), the northern Shannons Flat phase 
(from Table 5.6) and four Shannons Flat Leucogranites (Joyce, 1970). 
Examination of this data indicates that a derivation of the volcanics 
from the adamellites with a ’'residue" of leucogranites could be an 
explanation for the origin of the leucogranites. It is certainly 
consistent with the isotopic data.
To test if fractions of volcanic magma and leucogranite could be 
produced from the adamellite, a computer mixing program was employed. 
This program (PETMIX III) is based on a U.S.G.S. mixing program 
described by Wright and Doherty (1970) and modified at A.N.U. by 
M.P. Gorton. (This program has been applied to the solution of mixing 
various components in the lunar soil by Taylor et al3 1973.)
Table 5.11 shows the solution of this program applied to the 
Murrumbidgee data. The calculated leucogranite is the product if the 
average volcanic from Table 5.10 is "fractionated" (i.e. subtracted) 
from the adamellite. The residue of 40% leucogranite is enriched in 
CaO and depleted in MgO. It would appear that the process may not be 
possible for these rocks, but the second calculation in Table 5.11 
shows that if the same procedure is applied using only sample 2805C 
as the volcanic fraction, the fit of the data is exceptionally good.
The calculated leucogranite fraction fits in all the elements to within 
the standard deviation of the four leucogranite samples. Thus it is 
possible for the suggested separation of a volcanic phase from the 
adamellite to leave a "residue" that would give rise to the 
leucogranites.
The fractionation process is obviously variable and minor in 
some cases, as sample GA 2812 has a composition similar to the
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adamellite. The well-developed phenocrysts within the volcanics 
suggest that the fractionation might involve the separation of a 
portion of the liquid phase from the crystal-liquid mush to give rise 
to the leucogranites.
The proposed process is far from proven but at least it appears 
possible both on the basis of the isotopic evidence and the chemical 
data. Detailed sampling of the many felsic volcanics in the area 
might help to further test this hypothesis.
5.3.6 Origin of the Murrumbucka Tonalite
Joyce (1970) indicated that there was a gradual change in the 
chemistry between the northern part of the Clear Range Granodiorite 
and the southern area designated the Murrumbucka Tonalite. He 
believed that the tonalite and its associated amphibolitic xenoliths 
represent lithological variation in the rocks which are the source of 
the more typical quartz-rich metasedimentary xenoliths. The variation 
is associated with an increase in CaO and mafic constituents. This is 
in contrast to the suggestion of Snelling (1960) that the tonalite was 
derived from basic igneous material. Joplin (1968) has discussed the 
difficulty in determining whether amphibolites are derived from an 
igneous or sedimentary source. She concluded that often field and 
petrographic criteria cannot distinguish their origin. Thus a 
sedimentary origin for the Murrumbucka phase is not at variance with 
the petrological data.
The strontium isotopic data support the hypothesis of Joyce.
Isotopically the tonalite phase is similar to the rest of the
granodiorite intrusion. It might be considered that the more mafic
87 86material would have a lower Sr/ Sr and that the isochron (Figure 5.2) 
represents a mixing line between a typical sedimentary source and a 
basaltic rock. The similarity of the "age" (491 my) with the "ages" 
from the other contaminated granites argues against this. Thus it
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87 86appears that the more mafic phase also had a similar Sr/ Sr to the 
more typical metasedimentary source material.
This tonalite may be contrasted with similar basic material in
87 86the Cooma Gneiss which has a much lower initial Sr/ Sr ratio (.705) 
than the surrounding granite gneiss (.719) and must have been derived 
from a different and presumably igneous source (Pidgeon and Compston, 
1965) .
5.4 SUMMARY
Chemical and petrological data used in conjunction with the 
isotopic data indicate that the various phases of the batholith have 
been generated by partial melting of older crustal sediments. There 
was no separation of a liquid phase from relict sedimentary material 
that was not completely melted. The liquid and xenoliths were 
mobilized and rose as coherent masses through an unknown thickness of 
crust to be emplaced within Upper Ordovician strata.
The granitic rocks of the batholith are considered to represent 
original pelites and psammopelites that were possibly deposited on an 
oceanic crust. The anomalously old Rb-Sr ages for some phases of the 
batholith suggest that the sedimentary age has been approximately 
preserved despite the melting and mobilization of the granitic rocks.
The preservation of the older age appears to be directly related to the 
abundance of xenoliths in the intrusions. The Shannons Flat intrusion, 
with virtually no xenoliths, was sufficiently melted at one stage to 
allow the strontium isotopes to almost completely re-equilibrate, while 
the Tharwa Adamellite, with a small number of xenoliths, was not 
completely melted and the strontium isotopes did not re-equilibrate.
The contaminated granites, with an abundance of xenoliths, often 
preserve relatively good isochrons with the anomalously old age of about 
490 my.
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There does not appear to be any igneous material involved in the 
source rocks of the batholith. The more calcium-rich Murrumbucka 
Tonalite and its associated hornblende xenoliths are isotopically 
similar to the main phase of the Clear Range Granodiorite. Thus the 
tonalite appears to be derived from a more mafic facies of the 
sedimentary source rocks.
The leucogranites that are intrusive into the main phases of the 
batholith appear to be closely related to the uncontaminated 
adamellites. Isotopic and chemical relationships suggest that 
separation of a liquid phase of the adamellite from an original 
crystal-liquid mush might be responsible for the leucogranites. The 
"residue" from this separation would be represented by the felsic 
volcanics which are common around the margins of the batholith.
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CHAPTER 6
EQUILIBRIUM RELATIONSHIPS IN GRANITIC BODIES
6.1 INTRODUCTION
The isotopic relationships for the Murrumbidgee Batholith, as 
detailed in the last chapter, suggest that in certain cases strontium 
isotopes are not homogenized by magmatic processes. This is certainly 
in contrast to what is usually assumed. In this chapter a model of 
the response of strontium isotopes to magmatic processes will be 
outlined and compared to the results from the Murrumbidgee Batholith.
6.2 EQUILIBRATION AS APPLIED TO STRONTIUM ISOTOPES
Strontium isotopes are often used as tracers for testing whether
large volumes of rock have been in isotopic equilibrium at some stage
in their evolution. Magmas may be subjected to complicated chemical
and mineralogical fractionation, but, at least under closed-system 
87 86conditions, Sr/ Sr will always tend towards a uniform value 
throughout. This one-way process for strontium isotopes can be used 
to study the scale at which equilibration has taken place. This 
discussion will be confined to the physical scale on which chemical 
interaction has taken place and not the mechanisms involved.
In the previous chapter it was concluded that the generation of 
the Murrumbidgee Batholith involved the partial melting and mobilization 
of sediments at depth. During this process it was considered that the 
Rb/Sr of the rocks was not changed. In the following discussion this 
one condition will be applied.
The concept of scale of equilibration is closely related to the
variation of any element or isotope in a chemical system. In respect
87 86to strontium isotopes the change in Sr/ Sr is proportional to both
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time and to Rb/Sr. This Rb/Sr ratio is a most important parameter in
estimating the equilibrium relations of strontium isotopes. Several
models can be given to elucidate the concepts of equilibration of
strontium isotopes as discussed below.
Consider a chemical system in which Rb/Sr and ^Sr/^Sr are 
87 86uniform throughout. Sr/ Sr will increase with time but its value
will be the same throughout the system. Therefore, any small
subsystem of arbitrary size will always appear to be in equilibrium
with all others, with respect to strontium isotopes.
At the other extreme, a system may have a monotonic increase in
87 86Rb/Sr with displacement in the system but start with uniform 1 Sr/ Sr.
It can be said to be initially in equilibrium with respect to strontium
isotopes but out of equilibrium with respect to the Rb/Sr ratio. At 
87 86a later time the Sr/ Sr at each point in the system will have
increased in proportion to the particular Rb/Sr at the point. The
87 86system is now out of equilibrium with respect to Sr/ Sr as well as
to Rb/Sr. To re-equilibrate the strontium isotopes, mixing on a local
87 86scale is inadequate because of the monotonic increase in Sr/ Sr.
Only complete mixing on the scale of the whole system will reset the
range of ^Sr/^Sr to a single value.
The above two examples are extreme cases; natural rock systems
will presumably reflect conditions between them. On crystallization
from a well-mixed magma or on sedimentary deposition, a rock system
87 86may be considered to have uniform Sr/ Sr and a random variation of
87 86Rb/Sr. At a later time Sr/ Sr will vary throughout the system and 
can be used to determine the time elapsed since its previous uniform 
value. Local equilibration in very small subsystems will not reset 
the strontium isotopes to the same value throughout the body. A 
metamorphic resetting of the minerals but not the total rocks is an 
example of this. In order to completely equilibrate the strontium
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isotopes in the total system, it is not necessary to equilibrate or
mix strontium from all parts of the body as in the second example above.
Equilibration is only necessary on a scale such that the average value 
87 86for Sr/' Sr in each subsystem that re-equilibrates is the same as 
all other subsystems.
S 7 86As the change in Sr/' Sr is proportional to the associated
Rb/Sr, the latter can be used as a measure of the scale or size of
87 86the equilibrating subsystem necessary to reset the Sr/ Sr to a 
single value. If Rb/Sr has very little dispersion throughout the 
system, then very local re-equilibration can reset the strontium 
isotopes to a single value throughout. The Bolairo Granodiorite 
possibly represents an example of this.
It should be noted that the scale required to equilibrate 
strontium isotopes is only dependent on the Rb/Sr ratio, and is not 
dependent on equilibration of any other elements that may have a greater 
or lesser variance. Often, however, the variance of other elements or 
ratios of elements may reflect the dispersion of the Rb/Sr ratio.
6.3 EQUILIBRATION IN THE MURRUMBIDGEE BATHOLITH
The various intrusions of the Murrumbidgee Batholith appear to 
display distinct responses to equilibration processes as applied to 
strontium isotopes. These responses range from preservation of original 
"source age" to complete re-equilibration at the intrusive age of the 
batholith.
The intrusives that have failed to re-equilibrate all have 
xenolithic material in them. The most striking examples are the 
Callemondah and Willoona intrusives. These small bodies evidently had 
large enough dispersions in Rb/Sr such that the equilibration process 
operating was inadequate to reset the strontium isotopes. The Clear 
Range Granodiorite appears to have a regional variation of Rb/Sr and
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in this case only mixing the complete intrusion would equilibrate the 
^Sr/^Sr ratio. It is conceivable that the ^Sr/8<^ Sr ratio was 
variable in the source material but the close agreement of the Clear 
Range age of 493 ± 41 my with the other anomalous ages argues against 
this. On a more local scale the Clear Range samples north of Mount 
Booth (Figure 5.1) have a limited dispersion in Rb/Sr. Joyce (1970), 
using cluster analysis, defined this group chemically. Regression of 
these six samples gives an age of 456 ± 28 my, fitting to within 
experimental error (MSWD = 2.3). The error limits do not quite overlap 
with the intrusive age of the batholith and imply that the strontium 
isotopes are only partially re-equilibrated in this part of the 
intrusion. The Tharwa Adamellite has few xenoliths and yet it also 
appears to have retained an old age, at least in the northern part of 
the intrusion.
More extensive equilibration of strontium isotopes appears to 
have taken place in the Shannons Flat Adamellite. This large body has 
a regional variation of Rb/Sr defined by the northern and southern 
groups. The relationships displayed are similar to those in the Clear 
Range Granodiorite. All the samples taken together yield an anomalous 
age of 437 ± 10 my but division into two major groups of data with 
differing and restricted Rb/Sr results in ages closely approximating the 
intrusive age for the batholith (Table 4.3). Again equilibrium was 
attained but in phases with a limited dispersion in Rb/Sr.
Complete equilibration of strontium isotopes appears to have
taken place in the Bolairo Granodiorite. This intrusion was mentioned
87 86above as an example of local equilibration of Sr/ Sr ratios as 
a result of a low Rb/Sr dispersion. Even the presence of relict 
material has not extensively interfered with the resetting of the 
strontium isotopes.
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It can be seen from the foregoing discussion and application to 
the Murrumbidgee Batholith that to estimate the actual volume of rock 
involved in an equilibration process is difficult and often has very- 
little meaning. As applied to strontium isotopes, the Rb/Sr dispersion 
is critical in determining the size of a system involved in 
equilibration. A change in the dispersion of this ratio can cause 
very different apparent responses of strontium isotopes under the same 
physical conditions. Whatever conclusions are reached concerning 
strontium isotopes cannot be applied to other elements in the system 
and to speak of a rock mass having been "equilibrated" is meaningless 
without specifying the elements involved in the process, and the scale 
on which the equilibration is thought to have taken place.
6.4 CONCLUSION
The isotopic relationships in the Murrumbidgee Batholith have 
indicated that the total rock Rb-Sr system may be resistant to 
updating, even by magmatic processes. The observed isotopic 
relationships have led to a model of the response of strontium 
isotopes to thermal processes based on the dispersion of Rb/Sr within 
the intrusion studied. The one condition applied to the model is that 
during the generation of the granitic rocks there has not been a 
significant change in the Rb/Sr of the original source material. This 
is an important restriction which obviously cannot apply in all cases. 
This problem and other aspects of the model will be further discussed 
in Chapter 13.
PART II
ISOTOPIC STUDY OF TWO AREAS OF ARCHAEAN ROCKS
IN THE YILGARN BLOCK, WESTERN AUSTRALIAN SHIELD
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CHAPTER 7
THE WESTERN AUSTRALIAN SHIELD
7.1 INTRODUCTION
The Western Australian Shield is composed of two nucleii of 
Archaean rocks, the Yilgarn and Pilbara Blocks, surrounded by younger 
mobile belts (Figure 7.1). Gee (1974) has recently summarised the 
results of regional mapping in these two nucleii by the Geological 
Survey of Western Australia.
Geochronology carried out in the past ten years has shown that 
the granitic rocks of the Pilbara Block have ages ranging from 3100 to 
2700 my (Compston and Arriens, 1968; deLaeter and Blockley, 1972).
The granitic rocks within the Yilgarn Block have been divided into 
three distinct episodes (3100 - 2900 my, 2700 - 2550 my, 2300 - 2200 my) 
with most of the ages between 2700 and 2600 my (Arriens, 1971).
7.2 THE YILGARN BLOCK
The Geological Survey of Western Australia has divided the Yilgarn 
Block into three major provinces: the Southwestern, the Murchison and
the Eastern Goldfields (shown in Figure 7.1). The division is based on 
tectonic style and trend, and common lithological associations. The 
Eastern Goldfields Province contains the two areas of study in this part 
of the thesis and thus a discussion of the regional geology will be 
restricted to this province.
Within the Eastern Goldfields Province greenstone belts occupy 
about 30% of the exposed surface area while the remainder is a complex 
of intrusive granite and gneiss. The present distribution and shape of 
the greenstone belts vary from narrow arcuate belts to large irregular
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reg ions  with l i n e a r  appendages. The in t e r n a l  s t r u c tu r e  o f  the  narrow 
b e l t s  (< 50 km wide) i s  m ostly  s y n c l in a l  w ith  the  t h i c k e s t  accum ulation 
o f  v o lc an ic  and sedim entary  rocks a long the  c e n t r a l  a x is .
Williams (1973) has proposed a d iv is io n  o f  the  E as te rn  G o ld f ie ld s  
Province in to  th re e  subprov inces  on the  b a s i s  o f  s t r u c t u r a l  s t y l e  and 
o th e r  d i s t i n c t i v e  f e a tu r e s .  The c e n t r a l  re g io n ,  c a l l e d  the  K a lgoorlie  
Subprovince, extends from Norseman in  the  south to  Wiluna in  the  n o r th  
(F igure 7 .2 ) .  I t  i s  s e p a ra te d  from the  Southern Cross (western) 
Subprovince and the  Laverton (e a s te rn )  Subprovince by l i n e a r  zones 
a long which l i t h o l o g i c a l  and s t r u c t u r a l  t re n d s  te rm in a te  o r  change 
d i r e c t i o n s .
The K algoorlie  Subprovince i s  dominated by major fo ld  axes tren d in g  
n o r th -n o r th w e s te r ly .  These axes a re  l in e a r  and commonly t ru n c a te d  by 
d is c o rd a n t  composite g r a n i t i c  b o d ie s .  In c o n t r a s t ,  i n t r u s io n  o f  g r a n i t i c  
rocks in  the  Southern Cross Subprovince has r e s u l t e d  in  an a rc u a te  
s t r u c t u r a l  s ty le  t h a t  has been superimposed on an o r ig i n a l  n o r th e r ly  
t re n d  o f  the  g reenstone  b e l t s .  The Laverton Subprovince has a s im i la r  
b u t  p o o r ly  defined  a rc u a te  s t y l e .
D iscontinuous s t r i k e  f a u l t s  and lineam ents  are  common in the  
g reen s to n es .  These f a u l t s  a r e  co n cen tra ted  in  the  s o u th - c e n t r a l  p a r t  
o f  the  K a lgoorlie  Subprovince and decrease  in  frequency away from t h i s  
re g io n .  Some p a r a l l e l  f a u l t s  and lineam ents a re  p re s e n t  in  the  
Laverton Subprovince b u t they  a re  r a r e  in  the  Southern Cross Subprovince.
The l i n e a r  zones bounding the  subprovinces o f ten  correspond to  
known f a u l t s .  Williams (1973) cons ide rs  t h a t  in f e r r e d  movement in  the  
w estern  zone and e s t a b l i s h e d  movement in  the  e a s te rn  zone in d ic a te s  t h a t  
the  K a lgoorlie  Subprovince r e p r e s e n ts  a g ra b e n - l ik e  s t r u c t u r e .
The s t r a t ig r a p h y  o f  the  g reenstones  in  the  sou thern  p a r t  o f  the  
K a lgoorlie  Subprovince i s  w ell documented. W illiams (1969) and Gemüts
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and Theron (1973) have proposed a formalized stratigraphy for the 
subprovince based on the evolution of volcanic cycles. These volcanic 
cycles consist of basal ultramafic-mafic rocks overlain by felsic 
volcanic-volcanoclastic sequences.
The ultramafic rock group comprises discrete, podiform extrusive 
and intrusive serpentinized bodies after peridotite and dunite 
(described by Williams, 1972), layered mafic-ultramafic bodies 
(Williams and Hallberg, 1973) and high magnesium metabasalts (Williams, 
1972). Alteration of the ultramafics to talc-carbonate rock is common 
in mineralized areas. Also common is spinifex- (or quench) textured 
peridotite (Nesbitt, 1971) which originally consisted of large plates 
of skeletal olivine crystals in a matrix of fine-grained clinopyroxene. 
Magmatic sulphide deposits are usually located in the peridotitic and 
dunitic bodies. The nickel mining operation of Western Mining 
Corporation at Kambalda (Figure 7.2) is located in one of these bodies. 
Detailed geochronology of this area has been carried out and is 
presented in the following chapters.
The mafic rocks within a volcanic cycle are predominantly 
tholeiitic pillowed metabasalts which show little or no differentiation 
throughout volcanic piles which may reach thicknesses in excess of 8 km 
thick (Hallberg, 1970). They are metamorphosed to greenschist or 
amphibolite facies but show excellent preservation of original textures 
and structures.
The uppermost unit of a volcanic cycle, represented by the felsic 
volcanic-volcanoclastic sequence, typically consists of thick extremely 
restricted piles of dacitic lavas and agglomerates together with bedded 
tuffs, oligomictic and polymictic conglomerate and chert. Extraneous 
boulders of chert, granite, banded iron formation, metabasalt. and 
ultramafic rock are present in places. These volcanic complexes show
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no genetic or chemical affinities to underlying or overlying mafic 
volcanic rocks (Hallberg, 1970). There is usually a poorly developed 
chert horizon and rarely minor banded iron formation overlying the 
volcanoclastic rocks.
In addition to the volcanoclastic sequences, arenaceous and 
conglomeratic sequences are also recognized within the Kalgoorlie 
Subprovince. They are distinguished from the above volcanoclastic 
associations by their arkosic nature, medium scale cross-bedding and 
polymictic conglomerate, containing dominantly granitic clasts. They 
are not associated with felsic volcanics.
A conglomerate sequence belonging to the association described 
above is located at Jones Creek on the eastern margin of the Kalgoorlie 
Subprovince (Figure 7.2). It unconformably overlies a granodiorite 
pluton (Durney, 1972). This conglomerate grades into a greenstone 
sequence and therefore for the first time an older limit to the age of 
a Yilgam greenstone can be determined by dating the granodiorite.
Rb-Sr dating of this pluton has been carried out and is discussed in 
Chapter 11.
The volcanogenic cycles in the Kalgoorlie Subprovince are 
intruded by plutonic rocks consisting of quartz diorite, tonalite, 
granodiorite, adamellite, granite and syenite. Biotite granodiorite is 
the dominant granitic rock while field evidence indicates that sodic 
types appear to be the oldest.
The Southern Cross and Laverton Subprovinces may be distinguished 
from the Kalgoorlie Subprovince on the basis of lithological differences 
as well as the structural contrasts previously discussed. In these 
subprovinces volcanic cycles are found but, in detail, they are 
different to those in the Kalgoorlie Subprovince. Ultramafic rocks are 
not as common and thus the nickel sulphide deposits associated with them
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are not abundant. The cyclic volcanism is often a continuous 
lithological variation from mafic to felsic rocks. Basaltic, andesitic 
to dacitic and rhyodacitic compositions are found. Pillowed lavas are 
not common. Well developed banded iron formations and chert beds mark 
the end of the mafic-felsic cycle in contrast to the felsic- 
volcanoclastic associations in the Kalgoorlie Subprovince.
Williams (1973) has interpreted these features of the Eastern 
Goldfields Province as indicating that the Kalgoorlie Subprovince 
represents a rift or graben-like structure developed within older 
Archaean crustal material. The banded iron formations and chert 
horizons are considered to represent periods of quiescence between 
phases of volcanic activity. The lack of these sedimentary horizons 
within the Kalgoorlie Subprovince is attributed to continuous tectonic 
activity which inhibited their formation. The nickel deposits and 
ultramafics are associated with the greatest concentration of north­
trending fault zones in the Kalgoorlie Subprovince and these lines of 
weakness may reflect fundamental fractures that acted as conduits for 
rapid transfer of ultramafic material from an upper mantle source to the 
surface or near surface. The polymictic conglomerates within the 
Kalgoorlie Subprovince are considered to be derived from stable platform 
areas or possibly subaerial environments to the east and west.
7.3 PREVIOUS GEOCHRONOLOGY IN THE EASTERN GOLDFIELDS PROVINCE
Compston and Arriens (1968) have reviewed the geochronology carried 
out within the Precambrian rocks of Australia. Since that time several 
additional studies have been carried out on rocks in the Eastern 
Goldfields Province. All the isotopic work to date has been carried out 
within the Kalgoorlie Subprovince.
The most detailed study is by Turek (1966). He determined Rb-Sr 
ages for a number of granitic intrusions in the Kalgoorlie-Norseman
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area. The ages were interpreted as indicating either that all the rocks
were emplaced in the short interval of 2615 ± 15 my with initial 
87 86Sr/ Sr varying from .702 to .704, or that the ages of intrusion
ranged between 2600 and 2690 my if the rocks had the same initial 
87Sr/86Sr.
Turek (1966) also studied a number of units from the greenstone
sequences at Kalgoorlie. Williams (1969) considers that there are
three volcanic cycles represented in the area. Turek and Compston
(1971) applied the concept of these cycles to the original work of Turek
(1966) and to some additional data. They showed that cycle 2 (cycle 1
is the oldest) was at least 2600 my old as defined by the intrusive
granites. Acid volcanics within cycle 2 have an age of 2595 ± 40 my and
cannot be distinguished from the granite ages. Stratigraphicaliy-lower
cycle 2 mafic rocks have a metamorphic or metasomatic age of 2675 ± 35
my. Taken on face value, these ages imply that a single volcanic cycle
might extend over an interval of 75 my. On the other hand, acid
volcanics from within cycle 1 have slightly discordant ages of 2660 ± 30
87 86my assuming an initial Sr/ Sr of .701. This age, for stratigraphically 
older rocks, suggests that a volcanic cycle may be very short or that the 
metamorphism has reset the Rb-Sr system in these rocks. At present the 
duration of a complete cycle is unknown. Pegmatites, intrusive into 
cycle 1 rocks, indicate that the oldest presently exposed volcanic cycle 
may have an age greater than 2700 my (Turek and Compston, 1971).
Turek (1966) determined an age of 2420 ± 30 my for the post- 
metamorphic east-west basic dyke suite that intrudes many parts of the 
Archaean succession between Norseman and Kalgoorlie. The gold 
mineralization in the area may be associated with the dyke suite as the 
ages of minerals from within the gold veins are indistinguishable from 
the age of the dykes.
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Arriens (1971), in a regional study of granitic rocks in the 
northern part of the Kalgoorlie Subprovince, determined an age of 2698 
± 41 my for exposures between and around Wiluna and Leonora. Five of 
the samples in this study were from the granodiorite at Jones Creek that 
has been referred to in the last section.
Compston and Turek (1973) analysed pebbles of sodic granite and 
sodic porphyry from a polymictic conglomerate considered to belong to 
volcanic cycle 3. The sodic-rocks are considered to be the oldest 
granitic rocks in the region and Glikson (1971a) proposed that they 
represent the earliest continental development within an oceanic crust.
The Rb-Sr results are not conclusive and Compston and Turek (1973) 
interpret the data as indicating no more than that the pebbles are older 
than 2670 my. They do not favour the more speculative interpretation 
that the maximum possible age for the source rocks of the sodic granite 
pebbles is 2885 ± 165 my.
Recently, Oversby (1974b) has determined Pb-Pb mineral and total 
rock isochrons on eight granitic bodies in the Kalgoorlie-Norseman area. 
The ages found range from 2630 to 2760 my. Where comparison is possible, 
the mineral ages for the plutons agree with the total rock ages. The 
initial lead isotopic composition of the intrusions was estimated from 
age-corrected potassium feldspar data. From these initial compositions 
Oversby concluded that the source regions for the granites had experienced 
a multistage history and according to Oversby continental type rocks were 
present in the Norseman area as early as 3300 my ago. Continental crust 
near Kalgoorlie either occurred much later or consisted of more basic 
rock types.
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CHAPTER 8
THE GEOLOGY OF KAMBALDA
8.1 INTRODUCTION
Hie recent mining development at Kambalda by Western Mining 
Corporation offers an excellent situation for the study of mafic and 
ultramafic rocks within the Yilgarn Block. Surface exposures within 
the shield area are often weathered and there is a good possibility 
that the mafic rocks may have been isotopically open systems. The 
extensive drilling and mining operation at Kambalda has made unweathered 
material available for study.
In contrast to the Kalgoorlie area studied by Turek (1966) the 
Kambalda area has a much simpler structural history. The metamorphic 
and metasomatic alteration are also less severe. Thus an isotopic study 
of this area can provide an opportunity for a detailed examination of 
the evolution of a small segment of the Archaean crust.
8.2 KAMBALDA GEOLOGY
The geologic relationships at Kambalda have been described by 
Woodall and Travis (1969) . More recently Ross and Hopkins (1974) have 
given a detailed account of the relationships between the sulphide ore 
and the ultramafic rocks and have proposed an environmental model for 
the ore emplacement. Much of the following section is derived from 
these reports and from discussions with J. Ross (Western Mining 
Corporation, Kambalda).
The geologic succession at Kambalda is a conformable sequence of 
dominantly mafic meta-volcanic rocks with minor sedimentary horizons. 
Table 8.1 outlines the stratigraphy which is composed of a layered
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ultramafic body located between two metabasalt formations denoted as 
Footwall and Hanging Wall Metabasalts in reference to their relations 
to the ultramafic layer. Nickel-rich sulphide lenses are present at 
the base of, and within the ultramafic. A number of intrusive phases, 
mainly felsic, transgress the exposed stratigraphic succession. The 
contact between the base of the ultramafic rocks and the metabasalt 
horizon outlines a domal structure (Kambalda Dome) plunging to the 
north-northwest and south-southeast at 20 - 25° and dipping at about 40° 
on the flanks (Figure 8.1). Irregularities in the dome outline are 
mainly due to faulting. Steepening of the domal contacts on the eastern 
and western flanks is interpreted as being the result of major fault 
structures striking north-northwest along the flanks of the dome.
8.3 DESCRIPTION OF THE GEOLOGIC UNITS
8.3.1 Footwall Metabasalt
The Footwall Metabasalt is the lowest unit of the succession 
exposed at Kambalda. It is a dominantly fine-grained amphibole- 
saussuritized feldspar rock with variable amounts of chlorite, biotite 
and carbonate. Flow breccias and pillow structures are common. This 
formation has similar features and chemistry to the Archaean metabasalts 
found between Coolgardie and Norseman described by Hallberg (1970). The 
Footwall Metabasalt is distinguished from the latter by its dominantly 
massive nature and rarity of amygdaloidal sections.
8.3.2 Ultramafics
The ultramafic sequence consists of magnesium-rich rocks that 
usually occur as distinct lithological units. Although original igneous 
textures appear well preserved, alteration of original igneous minerals 
is almost complete and present mineral assemblages include serpentine, 
talc, carbonate, chlorite, biotite and accessory magnetite, chromite and
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ilmenite. Table 8.2 presents chemical analyses of these rocks.
Most nickel sulphide mineralization occurs at the base of the 
ultramafic sequence in well defined shoots associated with structural 
irregularities. This contact mineralization usually consists of a layer 
of massive sulphides in sharp contact with underlying Footwall 
Metabasalt, overlain by a well defined layer of disseminated sulphides. 
Conformable horizons of mineralization occur within the ultramafic 
sequence, usually less than 100 m above the basal contact. Pentlandite 
and pyrrhotite are the dominant components of nickel sulphide 
mineralization.
Sedimentary horizons occur within, and at the base of, the 
ultramafic sequence. They appear conformable but are nearly always 
absent in proximity to ore occurrences. Sediments include chlorite and 
sericite-bearing shales, cherts and graphitic shales. Pyrrhotite and 
pyrite are common in these rocks.
8.3.3 Hanging Wall Metabasalt
The Hanging Wall Metabasalt overlies the Kambalda Ultramafics and 
is divided into two formations separated by a black graphitic, pyrite- 
bearing shale. Both metabasalt formations have a mineralogy similar to 
that of the Footwall Metabasalt. The lower metabasalt, in sharp contact 
with the Kambalda Ultramafics, is characterized by alterations of 
massive mafic metabasalt with variolitic textured sections more felsic 
in composition. These felsic sections are up to one metre thick. The 
interface between the two rock types is composed of ocelli of the more 
felsic metabasalt in the massive type. Ross and Hopkins have compared 
this felsic-mafic metabasalt with similar material described by Ferguson 
and Currie (1972) from the Barberton Mountain Land, Transvaal, South 
Africa as representing immiscible silicate liquids. The upper metabasalt 
formation is composed of massive meta-tholeiite of similar composition to
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TABLE 8.2
Average Composit ion o f  Four U l t r a m a f i c  Rock C a t e g o r i e s  
From Lunnon Shoot Environment,  Kambalda 
(from Ross and Hopkins ,  1974)
1 2 3 4
S i 0 2 48.09 (1 .30)* 47.16 (3 .27) 45.44 (1 .70) 44.00 (2 .76)
n o 2 0.32 (0.09) 0 .27 (0 .10) 0 .17 (0 .02) 0 .14 (0 .03)
A12°3 8.14 (1.48) 5 .87
(1 .96) 4 .06 (0 .45) 2.97 (0 .89)
Fe2°3 2.30 (0.92) 3.92 (1 .79) 3.65
(1 .02) 4 .09 (1 .10)
FeO 8.12 (2.61) '6.13 (1 .67) 5 .36 (0 .85) 4 .60 (0 .68)
MnO 0.20 (0.02) 0 .17 (0 .06) 0.12 (0 .04) 0.15 (0 .06)
MgO 23.44 (0.72) 30.96 (3 .33) 36.97 (1 .09) 42.70 (0 .82)
CaO 7.99 (0.78) 5 .40 (2 .46) 2.69 (1 .53) 0 .74 (0 .75)
Na2° 0 .12 (0.04) 0 .05 (0 .03) 0 .07 (0 .03) 0 .03 (0 .01)
k2o 0 .06 (0.05) 0 .02 0 .03 (0 .01) 0.01
P2°5 0.05 0.02 0.01 0.01
Cr2°3 0.44 (0.08) 0 .35 (0 .14) 0 .16 (0 .04) 0 .23 (0 .02)
s 0.11 (0.14) 0 .16 (0 .13) 0 .42 (0 .28) 0.15 (0 .10)
Ni (ppm) 1116 (238) 1796 (577) 2578 (1724) 2710 (432)
V 137 (13) 102 (37) 48 (10)
Ba 10 (5) 23 (79) 9 (3)
Cu 56 (41) 31 (18) 12 (9)
Zn 91 (17) 83 (35) 56 (8)
Zr 17 (4) 14 (6) 11 (10)
Cl 129 (69) 150 (168) 75 (37)
h20+ 6.29 (0.87) 5 .88 (0 .88) 4 .54 (2 .10) 4 .10 (0 .73)
C02 0.22 (0.20) 8.02 (3 .59) 9 .72 (3 .11) 17.00 (1 .57)
1 Average o f  14 t r e m o l i t e - c h l o r i t e  ro ck s  from th e  t h i c k  m e t a - p i c r i t e . 
T a lc  i s  a b s e n t  from a l l  samples and MgO c o n t e n t  ranges  from 22.2  - 
24.7%. A n a ly s t :  B.W. C h ap p e l l .
2 Average o f  33 samples o f  t a l c - c h l o r i t e - c a r b o n a t e  ( d o l o m i t e - a n k e r i t e )  
rock  ( m e t a - p e r i d o t i t e ) . MgO c o n t e n t  r anges  from 28.0  - 32.0%.
A n a ly s t :  B.W. G ia p p e l l .
3 Average o f  12 samples o f  t a l c - c a r b o n a t e - c h l o r i t e  rock  c o n t a i n i n g
34 - 38% MgO ( m e t a - o l i v i n e  p e r i d o t i t e s ) . Carbonate  i n c l u d e s  d o lo m i te -  
a n k e r i t e  and m a g n e s i t e .  Analysed a t  W.M.C. L a b o r a t o r i e s .
4 Average o f  10 samples o f  t a l c - m a g n e s i t e - c h l o r i t e  and 2 samples o f
a n t i g o r i t e  rock c o n t a i n i n g  40 - 44% MgO. Data f o r  H?0 and C0? f o r  
t a l c - c a r b o n a t e  samples on ly .  A n a ly s t :  B.W. C h ap p e l l .
* S ta n d a rd  d e v i a t i o n  in  p a r e n t h e s e s .
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the average metabasalt in the Norseman and Coolgardie region (Hallberg 
and Williams, 1972).
8.3.4 Intrusives
The above three major meta-volcanic units have been intruded by 
four types of intrusive rocks. The major phase is a porphyritic 
granite classified a sodic granite by O ’Beirne (1968). It is high in 
sodium but low in potassium and has been dated at 2760 ± 70 my by 
Oversby (1974b) using Pb-Pb isochrons. Felsic intrusives, classified as 
sodic rhyolite porphyries by O ’Beirne (1968), have a mineralogy similar 
to trondhjemites (oligoclase-quartz-biotite) but chemically they are 
similar to the sodic granite. Minor dacitic intrusives are cut by 
the felsic intrusives but are not seen to intrude the sodic granite.
The apparently youngest intrusives are thin, unaltered dolerite dykes 
found cutting the Footwall Metabasalt.
Table 8.3 presents the major element chemistry of all intrusives 
except the dolerite dykes.
8.4 METAMORPHISM AND ALTERATION
A number of different types of alteration are observed in the 
Kambalda rocks. The ultramafics exhibit the most severe alteration 
having experienced both serpentinization and talc-carbonate alteration. 
These processes are considered to be nearly isochemical with possibly 
a slight, loss of calcium by serpentinization (Ross and Hopkins, 1974). 
Talc-carbonate rocks have formed by addition of carbonate and removal 
of water from serpentine rich rocks. The low CaO content of magnesium 
rich talc-carbonate rocks suggests that serpentinization preceded 
talc-carbonate alteration.
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TABLE 8 .3
Major Element Analyses  o f  Kambalda I n t r u s i v e s
1 2 3
S i 0 2 71.48 72.03 60.86
I i 0 2 .21 .31 .66
A12°3 15.27 15.71 15.22
Fe2°3
.48 .64 1.29
FeO 1.04 .86 3.22
MnO .02 .07
MgO .52 .62 4.44
CaO 2.05 1.13 2.98
Na2° 5 .44 5 .56 5.44
k20 2 .28 2 .28 2.13
P2°5 .07
H20+ .82* .37 .88
H2°- .09 .11
c o 3 .05 2.32
TOTAL 99.68 99.65 99.62
1 Average o f f i v e  s o d ic  g r a n i t e samples from Table  9 .12
2 Average o f seven s o d i c  r h y o l i t e  p o r p h y r i e s (O’ B e i m e , 1968)
3 Average o f  f o u r  d a c i t e  i n t r u s i v e s  (O’B e i r n e ,  1968) 
* Loss on i g n i t i o n
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The soclic granite and felsic and dacitic intrusives exhibit 
alteration envelopes where in contact with ultramafic rocks. The most 
extensive alteration associated with the felsic and dacitic intrusives 
has resulted in recrystallization of the ultramafic amphibole and 
replacement of chlorite by phlogopite. These effects may extend over 
several metres beyond the contact. Ross and Hopkins consider that most 
of the potassium required for the metasomatism was derived from 
solutions associated with the low potassium intrusives.
The metabasalt formations also exhibit potassium enrichment, 
especially near intrusives. A thick band of clotty biotite is 
developed adjacent to the intrusive contact. Often, remote from the 
intrusives, there are randomly alternating bands of chlorite basalt and 
biotite basalt in massive metabasalt.
The mineralogy and textural relations of the mafic and ultramafic 
rocks at Kambalda suggest low-pressure greenschist metamorphism under 
low stress conditions. Hallberg (1970), in a regional study of 
metabasalts from Norseman to Coolgardie and including Kambalda, 
considers that the entire area underwent low-grade regional metamorphism 
The felsic and dacitic intrusives exhibit mineralogy consistent with low 
grade regional metamorphism or weak hydrothermal alteration (O’Bierne, 
1968). Ross and Hopkins favour the latter interpretation and associate 
it with the potassium metasomatism of the mafic and ultramafic rocks.
The dolerite dykes are unaltered and appear to post-date any 
metamorphism and alteration.
8.5 SUMMARY
Ross and Hopkins (1974) have used detailed geologic mapping and 
petrological and geochemical analysis to propose a model for the 
original geological environment at Kambalda. They consider that the
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ultramafic rocks and nickel sulphide mineralization may have been 
extruded in a deep ocean floor environment from local fissure sources. 
Basaltic volcanism continued with little or no time break after 
extrusion of the ultramafic magma. The Kambalda ultramafic was 
subjected to serpentinization and talc-carbonate alteration before most 
of the major faulting.
Ross and Hopkins consider that the greenschist metamorphism 
-preceded the emplacement of the sodic granite (dated at 2760 ± 70 my) 
and the felsic. and dacitic intrusives. Potassium metasomatism is 
believed to be associated with the emplacement of the felsic and dacitic 
intrusives and could be of the same age as the metamorphism and/or 
metasomatism at Kalgoorlie dated at 2665 ± 25 my (Turek, 1966). Ross 
and Hopkins prefer to consider that this age represents potassium 
metasomatism and may be unrelated to the regional metamorphism. Table 
8.4 outlines the chronological sequence of magmatic and tectonic events 
that have taken place at Kambalda according to Ross and Hopkins.
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TABLE 8.4
Geologic Evolution at Kambalda, Western Australia 
(interpreted from Ross and Hopkins, 1974)
Dolerite Dykes
Felsic § Dacitic Intrusives
Sodie Granite
A
Hydrothermal alteration and 
potassium metasomatism
I
I
Regional Faulting
Greenschist Metamorphism
(and formation of Kambalda Dome)
Hanging Wall Basalt
" Talc-carbonate alteration
<
- Serpentinization of ultramafic
Ultramafic with sedimentary 
horizons $ ore zones
A
Local faulting and subsidence
Nk V
Footwall Basalt
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CHAPTER 9
ISOTOPIC STUDY OF THE KAMBALDA AREA
9.1 INTRODUCTION
This chapter will discuss the isotopic determinations made on the 
mafic and felsic rocks of the Kambalda area. The only previous 
isotopic work carried out at Kambalda has concentrated on the sodic 
granite. Pidgeon (1973) determined a U-Pb age of 2860 ± 100 my on 
zircons from a surface sample of granite. The data points are highly 
discordant and consequently not much weight can be given to the result. 
Zircons from two fifty-foot sections of drill core are interpreted as 
a mixed population of concordant 2500 my zircons from vein material with 
discordant 2860 my old granite zircons. The Kambalda Sodic Granite was 
included in the Pb-Pb isotopic dating of Oversby (1974b). This unit 
was found to have a mineral isochron age of 2760 ± 70 my.
The Kambalda ultramafic-mafic sequence is considered to be at the 
base of the second volcanic cycle (Gemutz and Theron, 1973) . Thus the 
granite appears to be older than the acid volcanics within the first 
volcanic cycle dated at 2660 ± 30 my by Turek and Compston (1971), 
determined in the Kalgoorlie area. It would appear that the volcanics 
are registering a metamorphic age or that the correlations with the 
volcanic sequence described by Williams (1969) are not correct.
In the following sections the isotopic work will be presented in 
the order oldest to youngest as determined from the field relationships. 
The metric system is used in the text, but Western Mining Corporation 
originally provided samples from drill core with identification in terms 
of drill hole number and footage in the hole. This designation has
been retained as "W.M.C. No." in the data tables.
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9.2 KAMBALDA METABASALTS AND SULPHIDE ORE
9.2.1 Introduction
This section is concerned mainly with a discussion of the chemical 
and isotopic results on the metabasalts at Kambalda. Lead isotopic 
analyses of several ore samples have been included here because of the 
close spatial relationship of the metabasalts and the ultramafic unit. 
Also, the lead isotopic results indicate that the ore samples and the 
metabasalts are genetically related and their inclusion in this section 
greatly enhances the interpretation of the metabasalt data.
9.2.2 Sampling and Petrography of the Metabasalts
In sampling the metabasalts at Kambalda for isotopic analyses 
core from two drill holes was selected. One hole is in the Footwall 
Metabasalt, the other in the Hanging Wall Metabasalt. A number of 
felsic intrusions were also selected from these holes.
Most of the samples from the Footwall Metabasalt (drill hole 
KD1029, Figure 8.1) were selected from what appears to be a single flow 
or sill, 105 metres thick, within a continuous section of metabasalt, 
cut by later intrusives. The unit extends from 523 to 661 metres (1714 
to 2170 feet) within the drill hole. The upper and lower contacts 
appear to be breccia zones with possible pillow structures. Because of 
the great thickness of the unit it is here termed a sill.
Near the contacts the sill is very fine-grained increasing to 
a fine- to medium-grained texture about three metres away from the 
contacts. The medium-grained texture is continuous throughout the rest 
of the sill. Biotite clots and flakes are present in a random fashion 
throughout minor parts of the section, increasing in abundance towards 
small veinlets or shears in the core. Some of these veins have calcite 
within them and high concentrations of biotite at the edges of the 
calcite. A six metre section of unaltered dolerite at the top of the
120
sill is the only nearby intrusive. Felsic intrusives are not exposed 
in the core until a depth of 750 metres, 87 metres from the metabasalt 
sill. They become more common at deeper levels. The felsic porphyry- 
metabasalt contacts do not appear to have significantly greater 
concentrations of biotite within the metabasalt except where shear 
zones with calcite are also present. Figure 8.1 shows the presumed 
relationships of the sodic granite to the metabasalt.
At higher levels in this hole, about 150 metres or more above the 
sill, little or no biotite is seen in the metabasalt. The rock ranges 
from a very fine-grained material to coarse-grained sections. Some 
calcite-rich fractures are seen in the section.
In thin section, the samples from the sill show more extensive 
alteration than the biotite-free metabasait in the upper part of the 
drill hole. The coarse metabasalt,at a depth of about 260 metres, is 
composed of large poikilitic amphibole pseudomorphs after pyroxene 
enclosing subhedral plagioclase laths. The plagioclase (An,-^^) is 
twinned and has a characteristic brown colour, presumably iron dust, 
throughout most of the grains. Minor chlorite is also present in the 
rock.
The sill samples exhibit relicts of a texture similar to the less 
altered coarse metabasalt. The amphibole pseudomorphs after pyroxene 
have few plagioclase inclusions and, where present, they are albite- 
containing saussurite aggregates. More commonly, the albite is 
interstitial to larger amphibole and chlorite grains. Often the 
amphibole grains have small biotite crystals within them.
The Hanging Wall Metabasalt sampled in drill hole KD1019 (Figure 
8.1) consists of the variolitic textured metabasalt described in the 
previous section. Biotite flakes are also common in this rock but 
appear to be confined to the more felsic metabasalt sections. Minor 
felsic intrusives cut part of the section sampled.
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From this description of the metabasalt sequences sampled it would 
appear that the presence of biotite is not necessarily spatially related 
to felsic intrusives. It seems that the biotite enrichment is more 
likely related to small fractures in the metabasalt which may have been 
the locus for the movement of fluids through the rock. These 
observations on biotite zones are similar to the descriptions of 
Hallberg (1970) for metabasalts from the Norseman area. He also 
observed biotite enrichment near shears in the metabasalts, often 
associated with mafic intrusives.
9.2.3 Geochemistry of the Metabasalts
Major element analyses were carried out on most of the metabasalt 
samples. Tables 9.1 and 9.2 present the major and some trace elements 
for samples used in isotopic analyses. Table 9.3 is major element 
analyses of the Hanging Wall Metabasalt determined by Western Mining 
Corporation.
The data for the Footwall Metabasalt (Table 9.1) are uniform for 
most elements and show no differentiation trends with depth in the sill. 
Only potassium and rubidium have large ranges in values; 945 - 13,000 
ppm for potassium and .27 - 28. ppm for rubidium. The high concentrations 
for these elements correlates with biotite in the samples.
The Hanging Wall Metabasalt has significant variations in the 
concentrations of most elements (Table 9.2). These variations are 
explainable in terms of the felsic and mafic portions of this metabasalt 
sequence and have been attributed to immiscible liquids (Ross and 
Hopkins, 1974). The K^O and rubidium concentrations show a similar 
range to those in the Footwall Metabasalt.
Figures 9.1 and 9.2 present K-Rb plots for the samples analyzed 
for rubidium and potassium values. Figure 9.1 shows that the two 
metabasalt formations have distinct trends in potassium versus rubidium 
with the Hanging Wall Metabasalt remaining in the region of typical
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TABLE 9 .3
Chemical Analyses  o f  Kambalda Hanging Wall M e tab a sa l t*  
( d r i l l  h o le  KD1019)
Depth in  h o le  
( f e e t )
509 561 1099 1127 1166 1251 1310
S i 0 2 54 .3 54 .0 54 .0 54.1 53.8 48 .7 64.5
T i 0 2 .61 .61 .71 .76 .68 .60 .73
A12°3 13.1 12.9 15.9 17.1 15.0 13 .3 15.9
Fe2°3 2 .7 .93 .99 n . d . .84 .83 .70
FeO 8 .3 9 .2 5 .7 7.0 8.0 9 .2 4 .0
MgO 10.0 10.0 4 .0 7.0 6 .2 12.7 2.5
CaO 9 ,7 9 .4 5 .0 7.2 8.0 9 .1 5 .2
Na2° 1.8 1.2 3.4 1.9 1.2 .54 3.0
k2o .14 .20 .59 n . d . n . d . n . d . .70
s .14 .07 .33 .06 .03 .03 .09
h20* 1.1 2 .3 2.4 3.7 3 .8 4 .0 .80
H2 ° ' .22 .11 .15 .10 .16 .11 .08
co2 .45 .40 4 .4 2.5 3.8 1.9 1.4
509 and 561 from upper  Hanging Wall M e ta b a s a l t  
u n i t .  O ther  samples from v a r i o l i t h i c  lower 
s e c t i o n .
*From Western Mining C o rp o ra t i o n
n . d .  n o t  d e t e c t e d
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crustal values for K/Rb (150 - 1500) while the Footwall Metabasalt has 
a trend extending to higher K/Rb ratios. Figure 9.2 clearly shows the 
extreme fractionation of rubidium from potassium in the Footwall 
Metabasalt with K/Rb ratios from 300 to 4000.
Ihe low K/Rb ratios are associated with the biotite-rich samples 
and indicate that the variation in Figure 9.2 is caused by a process 
associated with biotite growth.
As logarithmic plots can obscure possible mixing relationships 
Figure 9.3 presents the data in a linear K-Rb diagram. The Hanging 
Wall Metabasalt samples are on a linear trend that appears to pass 
through the felsic porphyry data points. The higher concentration 
samples could result from mixing with potassium and rubidium from these 
intrusives. The trend for the Footwall Metabasalt appears to curve but 
is dependent on a single sample with high potassium and rubidium. If 
this point is ignored these samples could also lie on a mixing line 
with the felsic porphyries. This mixing would be consistent with the 
process of potassium metasomatism as proposed by Ross and Hopkins 
(1974).
If a mixing hypothesis is true it requires that the metabasalts 
had rubidium levels of 0.8 to 0.2 ppm and high K/Rb ratios of 1500 to 
4000 before the metasomatic process. These are rather unusual values 
for any basalts and especially Archaean basalts.
Table 9.4 presents average values of potassium, rubidium and 
strontium of Archaean basalts from three different continents. 
Information on the dispersion of the data shown is not generally 
available, however both Hart et at (1970) and Jahn et at (1974) show 
in K-Rb plots that about 90% of the samples have rubidium levels 
greater than 1 ppm and K/Rb ratios between 150 and 1000. Hart at at 
(1970) have commented that areas which exhibit a range in metamorphic 
grade have numerous K/Rb ratios between 500 - 1000 while areas of
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TABLE 9.4
Trace Element Contents of Archaean Volcanics
K
(ppm)
Rb
(ppm)
Sr
(ppm) K/Rb Rb/Sr
1 3740 12.9 118 290 0.11
2 3000 5.5 87 488 0.064
3 1560 1.1 86 1420 0.013
4 1490 9. 105 166 0.086
5 2120 5.9 175 360 0.034
6 3014 9.4 160 320 0.059
7 2660 164
8 1790 4.7 146 380 0.036
9 1100 3.6 306
10 3820 6.5 108 590 0.060
1 Average of 10 Hanging Wall Metabasalts from Table 9.2
2 Average of 12 !Footwall Metabasalts from Table 9.1
3 Average of 10 ]Footwall Metabasalts with less than .4% K
from Table 9.1
4 Average of 123 metabasalts from Kalgoorlie-Norseman area W.A. 
Hallberg (1972)
5 "Grand basic" composite of 70 samples from Noranda, Kirkland 
Lake and Michipicoten belts Canada (SiO? = 54.0%). Hart
et at (1970) 2
6 Upper series composite from the Michipicoten belt Canada;
165 samples (SiC^ = 51.0%). Hart et at (1970)
7 Average of 322 basalts from four volcanic belts, Canada.
(SiC>2 = 49.7%). Baragar and Goodwin (1969)
8 Average of 11 samples from the Vermillion Greenstone belt, U.S. 
Jahn et at (1974)
9 Average of 6 volcanics containing less than .3% K from the 
Onverwacht Group South Africa. From Fig. 4 of Jahn et at 
(1974)
10 Average of 3 basaltic komatiites of the Barberton type South 
Africa. Viljoen and Viljoen (1969).
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uniform low grade are characterized by K/Rb in the range 200 - 400.
They conclude that higher K/Rb ratios may be the result of metamorphic 
alteration.
The average compositions of Kambalda metabasalts (rows 1,2) are 
generally in good agreement with the determinations from other shield 
areas. The potassium concentration, however, is about twice that 
determined by Hallberg (row 4) for Eastern Goldfields metabasalts 
(actually confined to the Kalgoorlie Subprovince), well outside his 
standard deviation of .06%. This could be attributed to a sampling 
bias. Hallberg would have avoided biotite-rich veins, while in this 
study they were sampled in order to obtain wide Rb/Sr dispersion. If 
the two samples from biotite-rich zones in the Footwall Metabasalt are 
eliminated from the average the potassium is in good agreement with 
Hallberg's value (Table 9.4, row 3). The rubidium content of the ten 
samples is now low at 1.1 ppm and the K/Rb very high at 1420. Both 
variables lie outside the usual range for Archaean basalts. The 
strontium concentration remains unchanged. These samples thus appear 
to have been depleted in rubidium relative to potassium in agreement 
with the pattern shown in Figure 9.2. The biotite-rich samples have 
been enriched in both elements. Thus the low potassium and rubidium 
levels are not an original feature of the basalts but have been produced 
by a metamorphic process.
Estimates of the average potassium and rubidium contents of the 
Kambalda metabasalts is difficult because of the fractionation that has 
taken place during the growth of biotite. Again, considering only the 
Footwall Metabasalt, the biotite-free zones contain about 1 ppm rubidium 
and .15% potassium (Table 9.4) and make up about 90% of the section.
The biotite-rich zones adjacent to veins make up the remaining 10% and 
have approximately 30 ppm rubidium and 1.0% potassium. Using these 
rough estimates the core has an average of 4 ppm rubidium and .24%
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potassium. The rubidium level is in good agreement with typical 
Archaean basalts but lower than Hallberg’s average of 9 ppm. Hallberg 
states, however, that the median rubidium value of 4 ppm may be more 
indicative of the concentration of the basalts from the Eastern 
Goldfields (Hallberg, 1972). The potassium content (.24%) is higher 
than Hallberg’s mean of .15% but within the range of the average 
potassium from other shield basalts. It is unlikely that the higher 
potassium can be attributed to potassium-rich metasomatic solutions as 
these solutions would have K/Rb values of 100 - 300 and would cause a 
corresponding enrichment of rubidium and a higher average rubidium value 
than is observed.
Thus it appears that metasomatic introduction of potassium and 
rubidium is not involved in the generation of the biotite-rich zones.
The most reasonable interpretation is that potassium and rubidium have 
been highly mobile during biotite growth and have migrated to zones near 
veins or fractures. Potassium has not been as mobile as rubidium as 
indicated by the high K/Rb values and moderate potassium concentrations 
in the rubidium-depleted samples.
The Hanging Wall Metabasalt probably has been subjected to similar 
alteration to the Footwall Metabasalt. It has biotite zones and very 
low rubidium levels; however, the K/Rb trend shown in Figure 9.2 is 
much flatter than the Footwall Metabasalt curve. Potassium is also very 
low and is probably an original feature of these rocks, associated with 
the more mafic sections. In this case, the alteration process has 
operated on rocks that already had a partition of rubidium and 
potassium, as a result of a magmatic process, into high and low 
concentrations in felsic and mafic fractions respectively. This 
magmatic process probably did not produce anomalously high K/Rb.
Because the levels were very low before the metasomatism, the alteration 
process has not been able to cause the movement of rubidium and
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potassium in the mafic rock to the same degree as in the Footwall 
Metabasalt.
As the original major element variations in the mafic and felsic 
portions of the Hanging Wall Metabasalt appear to have been preserved 
(Table 9.2) it seems that the alteration process has not affected most 
of the major elements to the same degree as potassium. Korzhinski 
(1964) considered sodium to have a mobility similar to potassium in 
metamorphic processes but analyses of the ocelli (~ 3 mm diameter) and 
matrix of sample 72-917 show a partition of Na20 into the felsic ocelli. 
This is the same result, observed by Ferguson and Currie (1972) in the 
Barbarton metabasalts. They believed this variation to be an original 
feature associated with the crystallization of immiscible liquids and 
not a metasomatic process. Thus sodium has not been added or mobilized 
while potassium and rubidium have been extremely mobile in these rocks.
The major elements of the Kambalda metabasalts can be compared to 
the average metabasalt of Hallberg (1972) from the Eastern Goldfields. 
Table 9.5 presents this comparison and an average of analyses of Canadian 
Archaean basalts. Despite the range in compositions for the Hanging 
Wall Metabasalt, the average Kambalda rocks compare favourably with the 
mean Eastern Goldfields metabasalt and Canadian basalts. This is 
further emphasized on an AFM diagram (Figure 9.4) where the field of 337 
metabasalts from Hallberg and Williams (1972) is defined. The sill 
samples from the footwall section plot almost completely within the 
field. Most of the Hanging Wall Metabasalts are outside the field and 
describe a linear variation that is similar to typical magmatic 
differentiation trends but extending to low alkali contents. Table 9.2 
indicates that the variation is dominated by the inverse correlation of 
Na^O with FeO + MgO and is probably the result of the generation of 
immiscible liquids prior to crystallization. The trend passes through 
the metabasalt field indicating that the bulk composition of the sequence
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TABLE 9.5
Chemical Analyses of Archaean Volcanics
1 2 3 4 5 6
Si02 52.1 53.0 54.9 49.2 51.4 49.7
Ti02 .68 .80 .67 .87 .92 1.00
Al2°3 14.7 16.5 14.7 15.1 14.8 14.9
Fe2°3 1.0 1.9 1.5 2.6
FeO 10.7* 10.2* 7.3 8.8 9.1 8.8
MnO .07 .17 .21 .19
MgO 8.2 8.2 7.5 8.9 6.7 6.3
CaO 11.0 8.5 7.7 10.4 10.7 9.4
Na20 2.1 2.3 1.8 1.2 2.7 2.1
K2° .36 .45 .23 .69 .18 .32
P2°5 .08 .13 .18
s .11 .80
Ho0+ 2.6 1.4 1.0 |Z ► 2.8
h 2o' .13 .37 .10 J
C02 2.1 .49 .10 .97
Rb ppm 5.5 12.9 9
Sr ppm 87. 118. 105 164
K/Rb 488 503 166
1 Average of 12 Footwall Metabasalts from Table 9 .1
2 Average of 10 Hanging Wall Metabasalts from Table 9.2
3 Average of 7 Hanging Wall Metabasalts from Table 9.3
4 Average of 2 Footwall Metabasalts containing biotite (Ross and 
Hopkins, 1974)
5 Average of 123 metabasalts from the Eastern Goldfields (Hallberg, 
1970)
6 Average of 322 basalts from four volcanic belts Canada (Baragar 
and Goodwin, 1969)
* Total iron as FeO
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could be within the field. Thus the Kambalda metabasalts have 
compositions typical of metabasalt from the Eastern Goldfields and 
similar to Archaean basalts of Canada.
Table 9.5 shows that the Kambalda metabasalts have high 11^ 0 and 
CO^ contents relative to the average Goldfields metabasalt. This 
suggests that a fluid phase composed of H^O and CO^ was responsible for 
the movement of potassium and rubidium and the generation of biotite. 
Movement of the fluid along fractures in the metabasalt could cause 
a local concentration of biotite within and adjacent to these fractures. 
Hie biotite would grow at the expense of rubidium and potassium from 
the surrounding rocks. This process is here termed an internal 
metasomatism as only CO^ and H^O appear to have been introduced and 
potassium and rubidium have been redistributed possibly on a scale of 
tens of metres.
Table 9.5 also shows that the Fe90^/Fe0 ratios of the Kambalda 
metabasalts are similar to the average Goldfields metabasalt and have 
not been affected by the metasomatic solutions. Thus the oxygen 
fugacity has remained low during the internal metasomatic event.
9.2.4 Rb-Sr Results for the Metabasalts
The previous section has shown that the metabasalts have a great 
range in rubidium concentrations. Tables 9.1 and 9.2 also indicate that 
the strontium concentration is relatively uniform. Thus there is an 
excellent dispersion in Rb/Sr.
Figure 9.5 and Table 9.6 present the isotopic data for the Footwall 
Metabasalt. The isochron in Figure 9.5 is reasonably well fitted and 
only slightly exceeds experimental error. (MSWD = 2.53 > F = 2.03).
The age is 2690 ± 30 my with an initial 8^Sr/^Sr of .70125 + 8. Two 
biotite separates from the biotite-rich samples have sufficient 
enrichment of radiogenic strontium to be independent of the initial 
ratio. Their ages of 2600 and 2610 ± 25 my are significantly younger
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than the total rock age for the metabasalt. A plagioclase separate, 
when coupled with its total rock (72-13), gives an age of 2530 ± 150 
my, an age not significantly different from the total rock isochron or 
the biotite ages.
Figure 9.6 and Table 9.7 present the Rb-Sr data for the Hanging 
Wall Metabasalt. The results are similar to the Footwall Metabasalt.
The age is found to be 2635 ± 50 my with an initial ^Sr/^Sr of 
.70129 + 15. The data departs significantly from within experimental 
error with MSWD = 6.34. The reason for this variation from a good fit 
will be discussed later.
Since the isochrons for both metabasalt sections are not
87 86significantly different in either age or initial Sr/ Sr the data may
be combined as a single regression to give a mean age of 2670 ± 30 my
and an initial ratio of .70126 +9. As the dispersion of Rb/Sr has been
shown to be the result of the mobility of rubidium during biotite
growth, the age registered is believed to be the time of this internal
metasomatic event. This interpretation is supported by the older Pb-Pb
age of 2760 ± 70 my for the sodic granite; the emplacement age of the
metabasalts must be greater than the sodic granite age.
The mechanism of resetting the original basalt isochron is
outlined in Figure 9.7. Originally there was a low dispersion of Rb/Sr
in the basalt on emplacement. During the metasomatic event rubidium
was mobilized and gave rise to the good dispersion in Rb/Sr by
depleting some metabasalt samples of rubidium and enriching others. It
is not clear from the data whether the strontium isotopes were
equilibrated during this process or maintained their pre-metasomatic
isotopic dispersion. The diagram has been drawn under the assumption 
87 86that the Sr/ Sr maintained its original dispersion. Coordinates of 
87 86the Sr/ Sr axis have been omitted because of the uncertainty of the
emplacement age.
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It could be considered that instead of the model proposed in 
Figure 9.7 radiogenic strontium moves with the rubidium during biotite 
growth. In this case the isochron measured is not the age of the 
metasomatic event. There would be a primary slope to the isochron at 
the time of metasomatism resulting in a measured age older than the 
metasomatic alteration. In the extreme case radiogenic strontium would 
remain proportional to mobile rubidium and rocks adjacent to veins 
would be enriched in radiogenic strontium. For example, sample 11A with 
30 ppm rubidium has been enriched by a factor of 3 - 8 times in 
rubidium. It would be enriched by the same factor in radiogenic 
strontium. The net result of this movement will be that the isochron 
generated from the time of emplacement until metasomatism will be 
preserved. The redistribution will result in the data points moving 
along the emplacement isochron and there would be no change in the age 
or initial ratio. The metasomatic event would not be recorded despite 
the obvious movement of potassium and rubidium to the sites of biotite 
growth. This process is not dependent on either the original rubidium 
estimate in the rock or the original dispersion of Rb/Sr. The data 
points are constrained to move along the isochron.
The process described probably would not be completely efficient 
and radiogenic strontium is unlikely to be as mobile as rubidium in the 
metasomatic redistribution. The result of this type of process would 
be a slight scatter of the data points and an age between the emplacement 
age and the metasomatic age.
Several points suggest that this type of movement of radiogenic 
strontium has not taken place. A common mechanism proposed for the 
preferential movement of radiogenic strontium from a crystal lattice is 
that it is generated in a rubidium site where it is thermodynamically 
unstable. In the case of basaltic rocks the rubidium and potassium may 
be located in the last glassy mesostasis to crystallize or possibly in
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trace amounts of potassium feldspar. During the metasomatic alteration 
the potassium and rubidium, and thus radiogenic strontium might be 
easily mobilized. As pyroxene has altered to amphibole and secondary 
plagioclase has formed during the process any strontium available would 
have been readily incorporated into the new calcium-rich minerals.
Thus any radiogenic strontium is likely to be limited to very local 
movement. The uniform strontium concentrations shown in Table 9.1 
certainly indicate that common strontium has not been preferentially 
enriched or depleted in the biotite-rich samples.
Below it will be shown that less altered metagabbro from higher 
levels in the Footwall Metabasalt drill hole appears to have a lower 
initial Sr/C Sr than the altered metabasalts. This might be due to 
a different magma source but since the metagabbro is stratigraphically 
between metabasalt sequences in the Footwall and Hanging Wall (which 
have similar initial ratios), the source is presumed to be the same.
On this basis the higher initial ratios for the metasomatized basalts 
represent values reset in the manner formerly proposed and the lower 
initial ratio represents the original value before alteration.
The younger biotite ages, with a mean value of 2605 ± 18 my, 
suggest that the internal metasomatic event was also associated with 
a high thermal regime that did not cool below the blocking temperature 
of biotite until about 2600 my.
Calcite extracted from the vein material in the sill and from
o n o6
deeper levels in the drill hole has an initial Sr/ Sr of .70155 + 6 
(Figure 9.5). This initial ratio is slightly higher than the mean 
metabasalt value, but indistinguishable from the initial value of 
sample 9. Thus inclusion of any vein material is considered not to have 
affected the metabasalt analyses. Generally the samples were free of 
any visible vein material. Brooks et at (1969) have shown that any 
disseminated carbonate in Archaean metavolcanics has ^Sr/^Sr ratios
144
similar to the total rock initial ratio and does not alter the Rb-Sr 
isotopic results. Thus the presence of calcite in these rocks is not 
considered to have affected the results.
Several samples of biotite-free coarse metabasalts in the upper 
level of the footwall drill hole, here termed metagabbro for 
convenience, were analyzed. These rocks, as previously mentioned, 
contain a primary (brown) plagioclase and appear to have much less 
alteration than the metabasalt in the sill section. Table 9.8 and 
Figure 9.8 present the results from three total rock samples and mineral 
separates from one of them. A reference isochron for the internal 
metasomatism is also on the isochron diagram. Two of the total rock 
samples (4,5) do not yield reproducible results with the Rb/Sr varying 
by over 15% while the L Sr/ Sr is relatively uniform. This is a rather 
surprising result for a rock powder. The cause of this variation 
appears to be associated with a minor phase in the rock originally 
thought to be an albite plagioclase with chlorite inclusions. Microprobe 
analyses indicated that it is actually a mixture of 10% plagioclase and 
90% silica. Figure 9.8 and Table 9.8 show that different fractions of 
this separate containing varying proportions of inclusions are very 
heterogenous in rubidium and strontium and that they appear to be 
registering young ages of about 615 and 1730 my. This phase also 
appears to be present in the amphibole separate. Recent alteration 
possibly associated with ground water appears to have altered these two 
samples leaving a residual silica phase.
The brown plagioclase from sample 5 is believed to be an original 
mineral phase but may also be affected by recent alteration. It has 
the same rubidium concentration as the total rock (5 ppm) in contrast 
to the usual situation of a much lower rubidium content in plagioclase. 
Only a single analysis is available so it is not known if this point is 
also not reproducible.
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Total rock analysis for sample 3 has duplicated within the
estimated error limits and also has a much lower rubidium content (1.7
ppm) than the other two total rock samples. It appears not to be
affected by the recent alteration.
This total rock analysis for sample 3 lies well below the
internal metasomatic isochron, indicating that it may have remained
a closed system and could record the emplacement age of the metabasalts.
If this is the case then this sample can indicate the approximate age- 
87 86initial Sr/ Sr relationships of the metabasalt sequence. The
metabasalts must be older than the sodic granite (2760 ± 70 my). If
87 86the age of the metabasalts is 2800 my then the initial Sr/ Sr is 
.7005 +1. If they are as old as 3000 my then the initial ratio is 
.7003 +1. An age greater than 3000 my is not favoured because of the 
Pb-Pb age given in the next section.
9.2.5 Lead Isotopic Results for the Metabasalts and Sulphide Ore 
Lead isotopic analyses were carried out on the 12 Footwall 
Metabasalt samples to determine if the lead system were reset by the 
internal metasomatic event at 2670 ± 30 my or if it had retained the 
emplacement age. Table 9.9 lists the data for the metabasalt and Table 
9.10 for the five ore samples. The ore samples are from two different 
mine workings (Lunnon and Juan Shoots, Figure 8.1) and represent four 
massive ores and one sample of ore disseminated in the ultramafic 
silicates (M - massive, D - disseminated in Table 9.10).
Figure 9.9 presents a Pb/ Pb- Pb/ Pb plot of the data. 
There is some scatter in the metabasalt points and regression of all 12 
of the metabasalt samples results in an age of 2720 ± 370 my with 
a MSWD of 18.6. Most of the scatter can be attributed to two samples 
(15,18) which are well above and below the line. If these two points 
are rejected the age is 2720 ± 270 my with a lower MSWD of 8.4. Both 
of these regressions pass through the sulphide data and if these
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samples are included in a regression of 10 metabasalts (omitting 15 and 
18) the fit is fairly good (MSWD = 6.2) with an age of 2700 ± 115 my.
The apparent age of the metabasalts encompasses the range between 
the internal metasomatic age and an age in excess of the sodic granite 
value of 2760 ± 70 my. Thus the result might represent either the 
emplacement age or the metasomatic age. The metasomatism certainly has 
not isotopically homogenized the lead in the metabasalt samples and it 
could be considered that the scatter is the result of a partial 
redistribution of uranium and/or lead at 2670 ± 30 my.
The ore samples also show some slight variation in their isotopic 
composition. This is not due to radiogenic growth as Table 9.10 shows 
that three of the samples are very low in uranium with the disseminated 
sample having four times the uranium concentration as in the massive 
ores. Any reasonable age correction does not significantly change the 
lead isotopic composition. The variation may therefore be an original 
feature and suggests that there might have been an original variation 
in the lead composition of the metabasalts on emplacement. This may 
explain the scatter of the data in Figure 9.9.
Figure 9.10 presents a plot of ^^Pb/^^Pb-^^Pb/^^Pb for the 
metabasalt and sulphide data. The metabasalt data form an excellent 
linear array that passes through the sulphide points. This result is 
rather surprising since rocks usually have a variation of Th/U which 
produces a scatter of data points on a plot of this type. The two 
samples that were rejected from the age regression (15,18) have an 
excellent fit to the line in this plot. Regression of the metabasalt 
data only indicates that the line has a slope of 1.083 ± .024 (2a) with 
a moderate deviation from experimental error (MSWD = 6.96). If the 
sulphide samples are included in the regression the slope is unchanged 
but the precision is improved. The slope is 1.080 ± .011 with MSWD =
4.98.
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It appears that the lead in the ore and metabasalts are 
genetically related to each other and that the ore samples provide an 
estimate of the initial lead isotopic composition in the metabasalts.
The colinearity of the samples also indicates that the metabasalt 
samples have a constant Th/U ratio (see Appendix F). By assuming an 
age for these metabasalts the Th/U ratio can be calculated. If an 
upper age limit of emplacement at 3000 my is assumed (as defined by the 
metabasalt data only) the ratio is 3.88 ± .09 (2a) and for the 
metasomatic age of 2670 my the ratio is 3.80 ± .09, not significantly 
different from the Th/U value with the older age.
The slight deviation of the regression from experimental error 
suggests that there was possibly some variation of ^^Pb/^^Pb or 
^^Pb/^^Pb in the metabasalts on emplacement. Alternatively, some of 
the samples could have a small variation in the Th/U ratio.
The relationships observed in the two lead plots (Figures 9.9 and 
9.10) can further restrict the interpretation of the age of the 
metabasalt but a number of other results are required before this 
aspect can be discussed.
9.2.6 Uranium-Thorium-Lead Relationships in the Footwall Metabasalt 
Uranium determinations were made on a number of samples. Figure 
9.11 is a 238u/204pb_206pb/204pb p-jot 0f the data. Reference isochrons
at 2700 my and 3000 my with an initial ^^Pb/^^Pb of 13.63 from the 
average sulphide data have been placed on the diagram. The figure shows 
that most of the samples have gained uranium while one (15) has lost 
uranium. The gain of uranium may be associated with the loss of this 
element from parts of the sodic granite. Oversby (1974b) showed that 
uranium loss was a recent effect in the granite.
The gain of uranium by the metabasalt also appears to be a recent 
event as movement of uranium at a time earlier than about 200 my ago 
would cause a significantly larger scatter in the lead data than is
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observed on the ^^Pb/^^Pb-^^Pb/^ V b diagram. This is true as long 
as uranium moves preferentially to thorium. Three different studies 
have now documented that this is the case and that thorium often appears 
not to move. Rosholt et al (1973) showed that a 75% loss of uranium 
from granitic rocks was accompanied by no apparent loss of thorium.
Manton (1973) obtained a Th-Pb isochron for a granitic body while the 
U-Pb isochron was disturbed because the rocks had lost uranium. He 
showed that several samples had lost 20 - 50% of their uranium. Sinha 
(1972), in a lead study of Archaean basic volcanics from the Onverwacht 
Series of South Africa, showed that the rocks had lost most of their 
uranium and thorium but that the loss of uranium was about 2.5 times
greater than that of thorium.
238 ^04The uranium and y ( U/“ Pb) values prior to the recent uranium
movement may be calculated by assuming an age and initial ^^Pb/“^Pb 
for the metabasalts. This may be done graphically by moving each 
sample onto an isochron in Figure 9.11 by adjusting the y values.
Table 9.11 presents the calculated values for each sample by assuming 
the metasomatic age of 2670 my and an initial ^^Pb/^^Pb of 13.63.
Also included are calculated thorium and Th/U values assuming the 
average Kambalda sulphide ^^Pb/^^Pb of 33.48. An older age of 3000 
my will reduce the y and uranium and thorium concentrations by about 15%. 
These calculated values must approximately represent the true values for 
the samples because the time interval of 2670 my since the metasomatic 
event dominates the lead evolution compared to the much shorter time 
interval of about 50 - 300 my between emplacement and metasomatism.
The Th/U ratios in Table 9.11 are uniform and have an average 
value of 3.80 ± .24 in good agreement with the value calculated from the 
^^Pb/^^Pb-^^PbA'^Pb diagram as would be exj^ected since the line on 
Figure 9.10 passes through the assumed initial lead isotopic 
composition as represented by the sulphides (see Appendix F).
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TABLE 9.11
Calculated* values for Footwall Metabasalt
Sample
No.
U
(ppm) y
Th
(ppm) T h / U
72-9 .061 6.15 .22 3.68
10 .062 6.77 .23 3.77
11A .047 8.74 .18 3.86
12 .065 7.51 .24 3.69
13 .056 . 4.82 .21 3.76
14 .049 6.02 .19 3.84
15 .107 5.56 .38 3.59
16A .063 3.68 .23 3.71
17 .054 6.20 .22 4.00
18 .046 4.62 .17 3.82
19 .045 3.51 .18 4.05
20 .058 2.40 .22 3.80
206
208
Pb/
Pb/
13.63
33.48
*Assuming an age of 2670 my 
Initial Pb composition of:
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The calculated uranium and thorium concentrations (Table 9.11) 
are uniform at about .050 ppm and .24 ppm respectively and do not 
exhibit the large variations of concentrations observed in rubidium 
and potassium. The internal metasomatic event has thus not 
preferentially depleted or enriched any of the samples in uranium or 
thorium. It may be that these elements have been added or removed from 
the system at 2670 my but it seems more likely that there has not been 
a significant change of concentrations for a number of reasons:
(1) The y values in Table 9.11 have wide dispersion and range from 
2.4 to 8.8. They are typical of tholeiitic basalts (Doe, 1970) 
and similar to those calculated by Sinha (1972) for South African 
Archaean metavolcanics. Previously it was stated that lead 
might have been unaffected by the metasomatism; thus if the y 
values are an original feature of emplacement the uranium 
concentrations have been unchanged since then.
(2) The uranium concentrations are similar to oceanic tholeiites 
(Tatsumoto et al3 1965) and are very low compared to most other rock 
types. The rocks would be very sensitive to addition of uranium 
from an external source. Their low values thus eliminate an 
addition of significant uranium to the metabasalts.
(3) The Th/U ratio is approximately 3.8 - 4.0 in these metabasalts. 
Rogers and Adams (1970) have tabulated the Th/U values for a wide 
range of rocks and show that tholeiitic basalts usually have Th/U 
values between 1.6 and 4.0. Alkali basalts range up to 7.6.
Thus the observed Th/U is typical for this rock type and if there 
has been any change of Th/U then it has probably increased from 
about 2.0 to 3.8. This change would have been caused by a. loss
of uranium as thorium is presumed to be relatively immobile. Thus, 
at most, the uranium concentration may have doubled during the 
internal metasomatic event. As the observed Th/U is close to the
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accepted mantle ratio of 3.5 and also similar to the average 
calculated value of Sinha (1972) at 3.2 for Archaean 
metavolcanics of South Africa, there appears to be no reason to 
consider that the Th/U ratio of 3.9 is unusual or that uranium 
has been lost from these rocks during the internal metasomatism.
If the uranium, thorium and lead have not been affected by the 
internal metasomatism at 2670 ± 30 my then the lead concentrations and 
calculated uranium and thorium concentrations approximately represent 
these elements at the time of emplacement of the metabasalts.
9.2.7 Interpretation of the Lead Isotopic Data
The previous section has established that the metabasalt was 
probably a closed system with respect to uranium, thorium and lead 
during the internal metasomatism. This does not exclude a redistribution 
of these elements within the metabasalt at the time the biotite was 
formed, but if there had been a redistribution it would have been from 
a variable distribution of uranium and thorium to the uniform values 
calculated in Table 9.11.
Ross and Hopkins (1974) have indicated that the metabasalts and
sulphide-bearing ultramafic appear to be closely related to each other;
the ocean floor volcanism that gave rise to the layered sequence appears
to be an almost continuous event. Thus the leads in the sulphides and
metabasalts are probably closely related and the sulphide lead should
represent the initial isotopic composition of the metabasalt leads. The
relationships in Figures 9.9 and 9.10 suggest that this is the case.
The scatter of the lead data, especially in the ‘^ P b /^^Pb- 
207 204Pb/ Pb plot, is greater than might be expected if, as previously 
stated, it could represent the isotopic composition on emplacement. 
Possibly the metasomatism has had some effect.
Figure 9.12 is a reconstruction of the possible evolution of 
metabasalt lead assuming that the mean sulphide composition represents
159
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its initial isotopic composition and that the emplacement age is 3000 
my. Just prior to metasomatism, approximately 300 my after 
emplacement, the lead in the metabasalt would have had a distribution 
along the line A due to the variable y values in the rock. A reasonable 
range of y is from 3 to 10. If the metasomatism had no effect the lead 
would continue to evolve to the present day and result in a straight 
line with a slope proportional to the emplacement age and extending 
through the initial isotopic composition. If the metasomatism had 
partially homogenized the lead isotopes the range along A would have 
decreased. In order to develop a scatter in the lead isotopic 
composition the lead could not have been homogenized and the y values 
must have changed significantly so that the present day scatter could 
be created. Evolution after metasomatism may be represented by positions 
along parallel lines from A to the present day points.
This mechanism cannot account for a number of features observed.
The variation in lead isotopes generated in 300 my is not sufficient 
(if the range of y is restricted to 3 to 10) to account for the 
observed scatter of the points. A longer time interval of 400 to 500 
my would be required. This longer interval would be represented by 
a line with a slightly greater slope than A and a much greater 
dispersion of lead compositions because of the longer time to generate 
the radiogenic lead.
A more serious objection to the model is that it is unlikely that 
the best fit line through the present day data would pass through the 
initial isotopic composition of the metabasalt, as observed. A best 
line should pass through the mean value for the line A, well above the 
initial composition. The longer the time interval between the 
emplacement and metasomatism the greater the deviation from the initial 
composition. The model also cannot explain how the low points on the 
line (i.e. 20 and 18) might arise.
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Figure 9.13 is a similar evolution for the ^^Pb/^^Pb-^^Pb/^Vb 
data assuming a Th/U ratio of 3.9 (line B) or 2.0 (line C). In this 
diagram, if the Th/U is 3.9 there is very little difference between the 
slope of the line generated in the interval 3000 my to 2670 my (line B) 
and the observed line defined by the data points. Any change of y values 
would be completely undetected provided the Th/U does not change. If 
the Th/U ratio were originally 2.0 and the metasomatism changed it to 
3.9 and also caused a change in the y values, the present day linear 
array would be expected to pass through the mean value for the isotopic 
composition at metasomatism. As the data passes through the presumed 
initial composition represented by the sulphides it appears that the 
Th/U has not changed during the metasomatism. This argument is only 
valid if there is an appreciable time difference between emplacement and 
metasomatism.
The proposed model of large changes of y at the time of
metasomatism shows that there is an increasing deviation of the
metabasalt line from colinearity with the sulphides in the ^^Pb/^^Pb- 
207 204Pb/ Pb plot with increasing time interval between emplacement and 
metasomatism. As the ore lead lies on the metabasalt line it would 
appear that the time interval between the emplacement and metasomatism 
is short. Thus the apparent age of 2700 ± 115 my for the metabasalts 
is a good estimate of their emplacement age.
If the metabasalts were emplaced at 2700 ± 115 my then the
variation of lead isotopic composition must be due to a variation on
emplacement or to contamination at the time of metasomatism. The
contamination hypothesis has been discussed previously with respect to
thorium and uranium and is considered to be minor or not to have taken
place. Contamination with lead of a different isotopic composition
requires that the contamination have a variable composition with a range 
207 204of Pb/~ Pb and a mean value near the sulphide composition. There
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must also be a correlation of ^^Pb/^^Pb with ^^Pb/^^Pb such that 
there is no scatter observed m  the Pb/ Pb- Pb/ Pb plot, only 
a linear relationship similar to the present day observed slope 
(Figure 9.10). These requirements are more consistent with the 
sulphides and metabasalt being related to a heterogeneous source; the 
sulphide lead representing an homogenized sample of the source. The 
metabasalt would then represent a sample of the source that has 
preserved the original isotopic variations. The similarity of the 
dispersion of the sulphide samples, to the metabasalt samples supports 
this interpretation. Thus the observed isotopic variations are here 
considered to be an original feature of the metabasalt and are not 
related to contamination or redistribution during metasomatism.
It might be considered that the contamination has taken place at 
the time of extrusion of the metabasalt and sulphide liquids. In this 
case the same arguments used in the last paragraph apply. In addition, 
the spinifex textures in the ultramafic associated with the sulphides 
are consistent with rapid quenching of a high temperature, low H^O 
(< 1%) ultramafic liquid (Green et cl13 1974) . Thus contamination with 
sea water solutions or sediments is unlikely in the ultramafic and its 
associated sulphides. A similar mode of contamination would be even 
more difficult in a thick (100 m) basalt unit. Hart (1969) has shown 
that unaltered abyssal basalt can be obtained from the cores of small 
(10 cm) joint blocks and pillow fragments of oceanic dredge samples. 
Thus thick flow units probably do not exchange with the overlying ocean 
waters.
The conclusions reached in the above discussion are rather 
surprising as variations of the lead isotopic composition would not be 
expected at the time of emplacement of a single sill. The possible 
origin of the variation is discussed in Chapter 10. It should be noted
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that the variations are most obvious in the 2^Pb/2  ^V b-2^2Pb/2^Pb 
plot where there is a scatter of data points around the best fit line.
The 2^Pb/2<^ Pb-^^Pb/~^Pb plot is probably masking the variations in 
the isotopic ratios. Initially there must have been a range in both 
2^Pb/2(^ Pb and 2^Pb/"^Pb but they had a correlation along a line 
with a similar slope to the present day line.
9.2.8 Summary and Discussion
Field and petrographic relationships, chemistry and isotopic 
analyses have been able to provide certain constraints on the type of 
metasomatic process that has caused a significant growth of biotite 
within some of the Kambalda metabasalts.
It has been established that rubidium and potassium were very 
mobile in these rocks at 2670 ± 30 my and resulted in the growth of 
biotite. Younger ages for biotite indicate that the rocks were in 
a moderately high thermal regime (above 200 - 300 C°) until 2605 ± 18 my.
A number of chemical relationships indicate that the mobile 
rubidium and potassium were not introduced into these metabasalts from 
an external source. The low rubidium and potassium concentrations and 
high K/Rb ratios in a number of samples suggest internal redistribution 
within the metabasalts by depletion of some rocks and enrichment of 
others as the mechanism of biotite growth. The higher than usual H^O 
and CC>2 contents of the metabasalts suggest that these fluids have 
entered the metabasalts and mobilized the rubidium and potassium.
Other elements in the metabasalts appear to have been unaffected 
by the fluids. The major element variations (except potassium) in the 
Hanging Wall Metabasalt, caused by a magmatic process, have been 
preserved despite the growth of biotite. Lead isotopic analyses show 
that the lead in the samples has not been homogenized at the time of 
biotite growth and also that contamination with lead from an external 
source did not take place.
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Uranium concentrations in these rocks also have a bearing on the 
nature of the alteration process. A potassium-rich solution would be 
expected to also contain significant amounts of uranium, but the 
uranium concentrations in the metabasalts are low (.05 ppm) and typical 
of oceanic tholeiites. There is no correlation of uranium with 
potassium and when compared with thorium and lead concentrations 
indicate either no change in concentration or at most a loss of about 
one-half of the uranium at the time of biotite growth. This apparent 
non-participation of uranium during the metasomatism is in marked 
contrast to the extreme mobility usually observed in crustal rocks. If 
a fluid phase is present in a rock, uranium is often partitioned into it. 
This may have been the case in the Kambalda Footwall Metabasalt but no 
concentration gradients were generated. Because the fluids were not 
expelled from the rocks but remained in certain mineral phases the 
uranium was not lost. It follows that the low uranium concentrations 
are an original feature and that no uranium and by association no 
potassium or rubidium have been introduced or lost from the metabasalt.
All these observations support the hypothesis that only H^O and 
CO^ have entered the metabasalts. No other elements have been added 
in detectable amounts. For these reasons the alteration process has 
been termed an internal metasomatism.
The geochemical observations are in agreement with the field 
relations. Biotite is concentrated adjacent to veins or fractures often 
containing calcite; a marked decrease of biotite is noted away from 
the fractures. As felsic intrusives are seldom near the biotite-rich 
zones they are not necessarily the source of the met.asomatic solutions.
Lead isotopes show that the lead system was not homogenized 
during the internal metasomatism and that the sill in the Footwall 
Metabasalt had a small range in lead isotopic composition at the time 
of emplacement. A Pb-Pb isochron, when coupled with the presumed
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initial isotopic composition as represented by the sulphide ore lead, 
yields an emplacement age for the Footwall Mctabasalt of 2700 ± 115 
my. A more conservative assessment can be made by considering the age 
of the metabasalts only. The age is then 2720 ± 270 my. The age is 
indistinguishable from the sodic granite Pb-Pb age of 2760 ± 70 my and 
the Rb-Sr metasomatic age of 2670 ± 30 my and suggests that the 
development of the entire sequence took place over a time span of from 
30 to 300 my.
Since the lead isotopes were not homogenized on a total rock
scale during the metasomatism it may be that the strontium isotopes
were not re-equilibrated. This may be the case for these metabasalts
as long as they had low Rb/Sr dispersion on emplacement. This would
87 86give rise to similar Sr/ Sr in the samples just prior to internal
metasomatism. The large Rb/Sr dispersion created during the internal
metasomatism would then effectively mask much of the original variation 
87 86of Sr/ Sr. The failure of the metasomatic isochrons to fit within
experimental error may be indicating that this is the case and that
the initial ^Sr/^Sr for the metabasalts represents the average 
87 86Sr/ Sr of the samples at the time of internal metasomatism.
ft 7 ft (L
The similarity of the initial Sr/ Sr from the Footwall and
Hanging Wall Metabasalts suggests that they were derived from a source that
87 86had a small range or possibly homogeneous Sr/ Sr and Rb/Sr in contrast
to the variation in the lead isotopes for the source. The biotite-free
metagabbro, located between the two metabasalt units, has an apparently 
87 86lower initial Sr/ Sr. This is attributed to closed system behaviour 
and suggests that it could record the emplacement age of the metabasalt.
The lack of dispersion and altered nature of the samples prohibits an 
age determination but using the upper limit of 3000 my as indicated by 
the Pb-Pb isochron an initial ratio of .7003 is found for a single
sample.
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The close proximity of the metasomatized sill and the unaltered 
metagabbro (240 metres apart) indicates that the internal metasomatism 
is not a pervasive effect and is limited to sections of the sequence 
where fractures have allowed fluids to permeate the rock.
9.3 KAMBALDA SODIC GRANITE
9.3.1 Introduction
The Kambalda Sodic Granite is the major intrusive unit at Kambalda 
and appears to occupy the central part of the Kambalda Dome. In Figure
8.1 all the acid and intermediate intrusives have been grouped as 
a single unit but the sodic granite makes up the majority of the 
intrusives exposed on the surface.
Sampling was concentrated on core samples from drill hole KD6003. 
This hole passes through an upper section of about 150 metres of 
Footwall Metabasalt before entering granite. Below the metabasalt the 
granite is continuous to a depth of 1300 metres where the drilling was 
discontinued.
The samples analyzed consist of 12 drill core samples, eight 
collected by Dr P.A. Arriens and four by Dr V.M. Oversby. Four other 
samples were provided by Western Mining Corporation and are from more 
widespread localities around the dome (Figure 8.1). Of these samples, 
three are surface samples while the other is from a mine exposure of 
granite.
Table 9.12 presents major element analyses of five of the samples 
used in this study. They indicate a remarkably uniform chemistry at 
least for these samples.
9.3.2 Kambalda Sodic Granite Total Rock Rb-Sr Results
Table 9.13 and Figure 9.14 present Rb-Sr data for total rock 
samples from the Kambalda Sodic Granite. It is surprising that 16 
samples, 12 from over 600 metres of drill core and four from widespread
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TABLE 9.12
Major Element Analyses of Kambalda Sodic Granite*
Sample 71-1079 71-1081 71-1083 71-1084 71-760
Si02 71.49 71.64 71.22 71.52 71.51
Ti°2 .20 .21 .21 .21 .21
Al2°3 15.28 15.27 15.65 15.40 14.74
Fe2°3 .48 • .42 .50 .50 n.d.
FeO 1.00 1.12 .99 1.06 1.37'
MnO .02 — .02 .02 .02
MgO .30 .59 .55 .55 .63
CaO 2.00 2.03 2.11 2.03 2.06
Na20 5.51 5.37 5.49 5.51 5.30
k 2o 2.14 2.34 2.41 2.23 2.30
P2°5 .06 .06 .08 .07 .07
loss on ignition 1.30 .70 .63 .66 n.d.
*Analyses by X-ray fluorescence (analyst P. Beasley) except 
Na^O by flame photometry (analyst R. Maier)
First four analyses from Oversby (1974b)
+Total iron as FeO
n.d. not determined
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localities up to 4 km distant from the drill hole, have provided such 
uniform rubidium, strontium and Rb/Sr values. Idle low Rb/Sr 
dispersion makes an accurate determination of the total rock age 
impossible. In addition, the data points do not define a single line, 
suggesting that either there must have been a variation of initial 
ratio in the pluton at the time of emplacement or later alteration of 
the Rb-Sr system.
If all the data are regressed together the age found is 2370 ±
400 my with an initial ^Sr/^Sr of .7024 + 14. The data do not fit to 
within experimental error (MSWD = 19.) and a Model 2 fit is preferred. 
The age is lower than the Pb-Pb age of 2760 ± 70 my (Oversby, 1974b). 
Rejection of the two obviously low points in Figure 9.14 (103,104)
07 O /f
results in a Model 3 age of 2720 ± 370 my and initial Sr/ Sr of 
.7012 + 13. The fit of the data is improved (MSWD = 9.7) and the age 
is in better agreement with the Pb-Pb age even though the error limits 
are large.
In obtaining the Pb-Pb age, Oversby considered that there was
a variation in the lead initial ratios of the total rocks. This
conclusion is consistent with the apparent strontium isotopic
variation. The reason for the variation is not known. There is no
87 86correlation of initial Sr/ Sr with depth in the drill hole or with
the concentrations of rubidium and strontium. It seems rather unusual
that a granite with such a uniform composition both in major and trace
87 86elements would have a small but significant variation of Sr/ Sr.
As metasomatic reactions have caused the movement of rubidium
within the metabasalt it might be considered that similar effects are
responsible for the observed variations in the granite. The maximum
time difference between the metasomatism (2670 ± 30 my) and the granite
emplacement (2760 ± 70 my; Pb-Pb age) is about 200 my. If the 
87 86Sr/ Sr were uniform at emplacement and the granite had a dispersion
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o n  p f
of Rb/ 1 Sr from 0.2 to 0.3 (the observed range is .21 to .28) then in
on  o/'
200 my the difference in Sr/1 Sr would be .0003. The observed range 
87 86in initial Sr/ Sr, assuming an age of 2760 my for the granite, is
.7008 to .7014 for all samples except the two low points. Inclusion of
these anomalously low points will increase the range.
The observed variation of .0006 is twice the variation that could
be developed in 200 my assuming the Rb/Sr dispersion were similar to
the presently observed range. If rubidium movement has been responsible
for the variations then either a much larger dispersion of Rb/Sr or a
longer time would be required to generate the observed scatter. The
uniform chemistry and precision of the Pb-Pb age argue against these
possibilities. The unaltered nature of the rocks as described in
a later section also makes metasomatic alteration an unlikely
87 86possibility. Thus the observed Sr/ Sr variations are an original 
feature of the samples at the time of intrusion.
The two samples rejected from the regression (103,104) contain 
small mafic clots, presumably basalt, which might be considered to give 
rise to their positions in Figure 9.14. This, however, is unlikely as 
the isotopic composition of the basalt is similar to the granite and 
the basalt strontium concentration is only one-eighth that of the 
granite. A significant amount of basalt would have to be included to 
give rise to the observed isotopic differences. The uniform rubidium 
and strontium concentrations also prohibit this possibility. Both of 
the samples are from surface exposures so weathering could be responsible 
for their variation. The apparent increase in Rb/Sr is consistent with 
the observations of Dasch (1969) on the effects of surface weathering. 
Sample 105 was also taken from a surface exposure near 104 and is 
within the group of main data points on Figure 9.14. If surface 
weathering is responsible for the anomalous results, it has had
variable effects.
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9.3.3 Mineral Ages
Data on mineral separates from the sodic granite yield a range
in ages from 2750 my to 2600 my. Two biotites (samples 755 and 760)
are sufficiently enriched in radiogenic strontium that a reasonable
range in the assumed initial ratio does not significantly affect their
ages of 2610 and 2627 ± 27 my. Figure 9.15 presents the data for the
plagioclase and microcline separates from the same two samples. The
87 86two total rocks appear to have had similar initial Sr/ Sr and an
isochron has been drawn through the plagioclase and total rock points.
This line fits to within experimental error (MSWD = .58) and yields an
age of 2750 ± 80 my, in good agreement with the lead age, and an initial 
87 86Sr/ Sr of .7014 + 3. The microcline separates are significantly
87below this line and when the above initial Sr/ Sr of .7014 + 3 is 
assumed the ages are 2596 and 2614 ± 35 my —  the same, within error 
limits, as the biotite ages.
These mineral age patterns are similar to those observed for 
a granodiorite from the Jones Creek area (see Section 11.6.3) and also 
by Goldich et at (1970) for the Morton Gneiss in Minnesota. The latter 
two areas contrast in that the granodiorite has been subjected to 
greenschist facies metamorphism which has not reset the plagioclase 
Rb-Sr age while the Morton Gneiss has been highly metamorphosed. Zircon 
data shows that the gneiss is very old (> 3200 my) and that the 
plagioclase-total rock age registers the younger metamorphic event 
capable of resetting some zircons. It is not apparent in the case of 
the Kambalda Sodic Granite whether the plagioclase-total rock age of 
2750 ± 80 my is an emplacement or metamorphic age. The Pb-Pb age of 
2760 ± 70 my is essentially a mineral isochron and it could be recording 
the time of a metamorphic event.
Little information is available on the response of the Pb-Pb 
system in minerals. Gray and Oversby (1972) have shown that the lead
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in potassium feldspars is not interchanged with other minerals during 
slow cooling after granulite metamorphism, while strontium isotopes 
are homogenized. Oversby and Compston (1974) have indicated that the 
lead mineral system may be more resistant to thermal effects than the 
Rb-Sr mineral system in granitic rocks.
Zircon ages by Pidgeon (1973) suggest an age of 2860 ± 100 my 
for the sodic granite using the new decay constants. The data are 
highly discordant on a concordia plot and for this reason not a great 
weight is given to the result; however, within error limits, the three 
methods of isotopic dating (Rb-Sr, U-Pb, Pb-Pb) agree, implying that 
the age recorded is in fact a crystallization age and not a metamorphic 
event.
9.3.4 Detailed Plagioclase Analysis
In an attempt to further clarify these conclusions and to 
determine why plagioclase appears to be recording an age older than 
other minerals, a detailed study was made on plagioclase from one of 
the samples from the granite (760). Petrography and microprobe analysis 
of the minerals in this sample were carried out in conjunction with the 
isotopic work to provide further constraints on the possible post­
crystallization effects that might be recorded in the rock.
Samples of the sodic granite are similar petrographically and 
chemically. Table 9.12 presents major element analyses for five 
samples. Table 9.14 presents microprobe analyses of the various mineral 
phases from sample 760.
In hand specimen the sodic granite is a medium-grained grey-white 
rock composed of feldspar, quartz and biotite. There is no apparent 
foliation or lineation. In thin section randomly oriented euhedral 
laths of twinned plagioclase, from 1.0 to 2.0 mm in size, make up about 
50% of the rock. Anhedral grains of quartz up to 2.0 mm in size make 
up another 25% of the minerals. These larger grains of quartz and
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plagioclase are set in a matrix of slightly finer grained (.2 - 1.0 mm) 
generally anhcdral plagioclase, quartz, microcline and biotite. The 
microcline (< .5 nun) appears to be interstitial to the other smaller 
grains. Biotite grains (< 1. mm) are subhedral. to very irregular and 
ragged and often appear to have formed around the larger plagioclase 
grains. The composition is approximately 56% plagioclase, 30% quartz, 
10% microcline, 4% biotite and a trace of opaques and minor epidote.
Quartz shows a slightly undulöse extinction in all size fractions, 
and large phenocrysts are commonly subdivided into a number of 
polygonal grains. It is usually free of inclusions, however very small 
zircons (< .01 mm) are present in some of the grains.
Colourless microcline shows the usual cross-hatch twinning and 
has only minor inclusions, probably serieite,
Biotite appears to be fresh and unaltered. It is pleochroic from 
dark brown to pale brown colour and contains minor amounts of very 
small inclusions.
Many of the larger plagioclase laths have oscillatory zoning with 
very small, usually green, inclusions of serieite, chlorite, biotite, 
epidote and occasionally calcite within the crystal. Often the 
inclusions are confined to specific zoned regions within the grains 
(Figure 9.16). The inclusions may also be dispersed throughout the 
grains but usually there is a very narrow rim (~ .02 mm) at the margins 
of the grain that is free of any inclusions. Generally this rim is 
lower in calcium (An^) than the rest of the grain. In addition to the 
very small inclusions a few grains contain larger, randomly oriented 
corroded inclusions of plagioclase (Table 9.14). A few grains, usually 
near biotite, have many large epidote and in some cases associated 
biotite inclusions. Albite twinning is common throughout the size 
range from the fine interstitial grains to the large euhedral laths. 
Table 9.14 presents microprobe analyses of the inclusion-free zones of
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Uncrossed nicols
FIGURE 9.16 Photomicrographs of sample 71-760, Kambalda Sodic 
Granite showing zoned plagioclase crystals with higher 
concentrations of inclusions in certain zones. Sharply outlined 
epidote crystals can be seen in the lower left plagioclase grain.
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plagioclase and some of the inclusions. The anorthite content of the 
plagioclase ranges from An^ to An^y while the orthoclase component is 
usually 1% or less.
From the petrographic description it appears that potash feldspar 
was one of the last phases to crystallize. It is expected, however, 
that potassium feldspar in solid solution with plagioclase (ternary 
feldspar) would have crystallized at an early stage. Sen (1959) has 
shown that the average potassium feldspar content of plagioclases in 
granitic rocks is 2.2% with a range of 1.5 - 4.2%. This is in contrast 
to the present plagioclase, writh 1% or less potassium feldspar, but 
sericite inclusions are present in the grains and would contain 
potassium. Sen also showed that antiperthites formed under conditions 
of low water pressure and slow cooling. If water were present sericite 
formed at the expense of the potassium feldspar component of the 
plagioclase. He considered the sericite to be a result of alteration 
by water of the exsolved potassium feldspar.
The plagioclase in the Kambalda granite could have remained 
a closed system since crystallization. The presence of inclusions is 
probably the result of the addition of water and exsolution of a ternary 
feldspar. The plagioclase inclusions in the plagioclase (Table 9.14) 
may represent a relict of the original plagioclase that has escaped the 
exsolution process. It contains all the necessary elements except 
water and some carbon dioxide to give rise to the observed plagioclase 
with inclusions of sericite, chlorite, biotite, epidote and calcite.
Two features indicate the very local redistribution of elements 
even within grains to form the inclusions. Inclusions are often 
confined to specific zones within a grain and imply that the zone was 
originally richer in potassium than other parts of the grain.
According to Deer et at (1963) plagioclase in the range An^o-so appears 
to be able to dissolve the largest potassium feldspar component.
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Therefore, as the plagioclase is zoned it is expected that the potassium 
feldspar would be variable and have its highest concentration somewhere 
between core and rim. Exsolution of potassium feldspar and alteration 
to sericite within the zone would result in the observed distribution 
of inclusions. The second feature to indicate very local 
redistribution is the presence of inclusion-free zones at the rims of 
most grains. Usually no sericite is observed at the grain boundary 
just outside these zones, which indicates that potassium did not move 
in or out of the grains.
It would appear from the foregoing discussion that most of the 
plagioclase has remained a closed system thus supporting the suggestion 
that the plagioclase-total rock isochron represents the crystallization 
age of the granite. If this is the case then there should not be any 
movement of rubidium, strontium and especially radiogenic strontium 
into the plagioclase.
To examine this hypothesis the plagioclase was separated into
different density fractions. Approximately 2 gm of a non-magnetic
fraction of the total rock in the size range .170 to .125 mm was added
to a density gradient column and allowed to stabilize. Seven fractions
were taken and purified following the procedures listed in Table 9.15.
The plagioclase separate previously discussed is also included in the
table and designated 71-760 PL. In addition, three plagioclases from
other samples, prepared by R. Rudowski of the mineral separating
laboratory for the lead study of Oversby (1974b), were also analyzed.
Because the granite is homogeneous and the total rocks have similar
rubidium and strontium concentrations, in this discussion the additional
plagioclases are considered to represent other fractions from the
sample. The total rock samples for these plagioclases also appear to 
87 86have initial Sr/ Sr ratios similar to sample 760.
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It was expected that the fractions would differ in composition 
as the result of both the calcium content of the plagioclase and the 
amount of potassium-rich inclusions in the different fractions. Table 
9.15 shows that there is a variation in rubidium and strontium 
concentrations in the various density fractions. To determine the 
reason for the variations, microprobe analyses were carried out on the 
plagioclase from each fraction. This involved probing inclusion-free 
areas of grains from each fraction. A number of inclusions were also 
analyzed and found to be composed of the minerals listed in Table 9.14 
except that there was no epidote or plagioclase. Some quartz grains 
not eliminated by handpicking were also found.
Table 9.16 presents the average compositions of about six 
plagioclase analyses from each fraction. All the fractions are uniform 
in oxide concentrations except for their variation of CaO and the 
inversely correlated Na?0.
Figure 9.17 is a plot of strontium versus CaO in the plagioclase 
fractions. This figure shows that there is a moderately good 
correlation of high strontium concentrations with the calcium-rich 
fractions. Thus the strontium is residing in the plagioclase structure 
as might be expected. It is interesting to note that two of the density 
fractions with high CaO content are not associated with the highest 
density but rather with the least magnetic fractions of plagioclase 
with the lowest content of inclusions.
The rubidium also shows a slight correlation with calcium content 
but this is considered fortuitous. If potassium is used as an index 
for rubidium Table 9.16 shows that the K^O content within the 
plagioclase fractions is uniform at about .15% and does not correlate 
with CaO. It must be remembered that the microprobe analyses represent 
the composition of inclusion-free zones in the grains and are not bulk 
analyses for the density fractions. Two of the least magnetic fractions
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TABLE 9.15
Separation Methods and Purity of Kambalda Sodic Granite 
Plagioclase Separates
Plagioclase 
Sample No. Density*
Method
of
Purificationt
% of 
grains 
with
inclusions
Rb
(ppm)
Sr
(ppm)
71-760 PL-1 2.63 -2.65 (1) 70. 40.2 811.
PL-2 2.63 -2.65 (1) 70. 32.8 698.
A 2.679-2.696 'CD, (3) 90. 32.6 1095.
B 2.670-2.679 CD, (3) 70. 24.6 1083.
C 2.661-2.670 CD, (3) 70. 20.5 1150.
D 2.653-2.661 (3) 60. 23.1 1051.
E 2.636-2.644 (3) 70. 45.0 854.
F 2.627-2.636 (3) 60. 61.9 812.
G 2.614-2.627 (3) 80. 87.5 805.
71-1079 29.7 1164.
-1083 > 2.63 -2.64 (2), (3) 50. 12.7 1386.
-1084-1 16.4 1325.
-1084-2 10.1 1390.
*Density fractions taken using tetrabromoethane-acetone 
mixture.
Absolute density approximate-density interval correct; 
density gradient column used for 71-760 A to G
+(1) magnetic separator used with slightly magnetic 
fraction taken
(2) magnetic separator used with non-magnetic fraction 
taken
(3) hand-picked
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(1083,1084) have the smallest number of inclusions and the lowest 
rubidium concentrations while fractions with higher proportions of 
inclusions have higher rubidium contents. Thus the change of rubidium 
in Table 9.15 is considered to be the result of variable amounts of 
inclusion of sericite, chlorite and biotite within the grains.
Fractions F and G have rubidium concentrations close to the total 
rock values and probably have significant amounts of microcline 
contained within them. In fact, microprobe analyses indicate microcline 
grains are present in F and G and to a minor degree in fraction E.
This can be seen in Figure 9.18 where strontium is plotted against 
rubidium for the various separates and the microcline separate from the 
sample. The two plagioclase separates previously discussed, from 
samples 755 and 760 are included in the figure.
There is an approximately linear relationship between rubidium 
and strontium for most of the separates (Figure 9.18) presumably 
related to the variation of inclusions and anorthite content; however, 
for the lighter fractions (F and G) the data points are on a different 
linear trend indicating they are a mixture of microcline and plagioclase. 
From this diagram it is estimated that E contains 5% microcline, F 13%,
G 28%.
Table 9.17 lists the results of the isotopic analyses of the 
plagioclase separates and Figure 9.19 is an isochron diagram for all the 
data points. Regression of all the plagioclase separates including 
755, 1083, 1084 gives an age of 2606 ± 32 my with an initial ^Sr/^Sr 
of .70166 + 6. The data fit to within experimental error (MSWD = 1.35). 
As fractions F and G contain significant amounts of microcline they 
should be omitted from the regression. This results in an age of 2648 
± 60 my and initial ^Sr/^Sr of .70162 + 8 (MSIVD = 1.15), not 
significantly different from the regression of all the points. Both
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regressions are indistinguishable from the biotite and microcline mean 
ages of 2615 ± 20 my determined using the plagioclase-total rock 
initial ratio of .7014 + 3. Thus the plagioclase internal isochron and 
the microcline and biotite appear to be recording the same event and 
inclusion of a minor amount of microcline in the plagioclase does not 
appreciably affect the plagioclase isochron.
The plagioclase line appears to be located below the total rock 
data points for the sample studied (760) and also for two of the other 
four total rocks from which plagioclase separates were used. This is 
in contrast to the situation found by Brooks (1968) where the 
plagioclase alteration line gave an anomalously old age because of the 
addition of radiogenic strontium and some common strontium and rubidium 
from altered microcline. This case for the Kambalda samples 
demonstrates that no radiogenic strontium has entered the plagioclase 
grains from outside the grains. The plagioclase isochron has been 
generated by redistribution of rubidium and strontium within the grains.
In this case another problem arises. Both the rubidium-rich 
phases, microcline and biotite, have ages of about 2610 my and therefore 
have lost radiogenic strontium if the total rock age is 2750 my. 
Plagioclase has not taken up this missing strontium fraction and 
therefore it must reside in another mineral phase or possibly along 
grain boundaries in the rock. It has not been lost from the total rock 
system as this implies a material imbalance in the analyses. A total 
rock isotopic analysis must reside within an area on an isochron plot 
defined by the various phases within that total rock. In the case of 
760, epidote could be a likely location for the missing radiogenic 
strontium. The large epidote crystals, some observed in plagioclase 
laths, have been eliminated from the mineral separates because of the 
high density of epidote (3.4 gm/cc). In Section 11.6.3, which discusses
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the granodiorite from the Jones Creek area, it will be shown that grain
boundaries are an equally reasonable location for the missing radiogenic
strontium and also minor common strontium and rubidium.
In order to obtain the correct emplacement age of the granite from
the total rock-plagioclase isochron the original or representative 
87 86plagioclase Rb/ Sr ratio is required. The later event at 2600 my
87 86has caused a redistribution within the plagioclase and the Rb/ Sr
ratios from the different separates range from .02 to .15. There is
a point along the plagioclase isochron that must represent the mean
value for the plagioclase for the rock. It is not possible to estimate
this value from the density separates as they are biased samples of
87 86the plagioclase. The correct Rb/ Sr ratio may be estimated by 
calculating the contributions of rubidium and strontium to the total 
rock from the major minerals and assigning the missing material to the 
plagioclase. This calculation requires that there has not been 
a significant loss or gain of rubidium and common strontium in the 
mineral phases and as stated above this appears to be the case for the 
granite samples.
TABLE 9.18
Distribution of Rubidium and Strontium in Sample 760
Contributions from minerals 
(y gm) in 1 gm total rock
Modal
%
Rb
(ppm)
Sr
(ppm)
ERb ESr
Biotite 4 549 51 22 2
K-feldspar 10 227 686 23 69
Quartz 30 — — 0 0
Total Rock 100 65 777 65 777
Plagioclase 56 36 1260 20 706
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Table 9.18 is an accounting of the concentrations of rubidium and
strontium in the major minerals and a calculation of the estimated
rubidium and strontium concentration in plagioclase. As most of the
strontium in the total rock is found in plagioclase, the estimate of
its average concentration is considered quite accurate. Some of the
total strontium is present in epidote but as most of the epidote in the
rock is believed to be derived from plagioclase alteration it can be
included in the plagioclase estimate. The rubidium concentration in
the plagioclase is minor and very dependent on the amounts of biotite
and microcline estimated to be in the rock. Despite these difficulties
the calculated concentration of 36 ppm rubidium and 1260 ppm strontium
are within the range of values found for the different density
8 7 86fractions. The calculated Rb/ Sr for the average plagioclase is
o n  o r
.082. The plagioclase isochron has a Sr/ Sr value of .70468 at this 
87 86value of Rb/ Sr. This best estimate of the plagioclase point may
be constrained to move along the plagioclase isochron and if it is 
87 86assumed that the Rb/ Sr is known to ± 20% (2a) the age found by 
coupling the plagioclase with the total rock (760) is 2690 ± 40 my.
The error is lower than previous determinations because the plagioclase 
line is known with good precision.
Usually the minor sericite inclusions in plagioclase are 
attributed to deuteric alteration at the time of emplacement. In this 
case the plagioclase and its inclusions are recording an event about 
150 my later. Possibly the growth of the inclusions took place at the 
later time of 2600 my in an episodic event. An alternate and equally 
plausible view is that the inclusions were a deuteric alteration at 
the time of emplacement and that the event at 2600 my reset the 
inclusions within the plagioclase. Unfortunately the data cannot 
differentiate between these two possibilities but if the first case is
193
true only the addition of water took place at 2600 my and no rubidium 
or strontium entered the plagioclase.
9.3.5 Summary
The total rock analyses of the Kambalda Sodic Granite are
inconclusive for accurate measurement of age and indicate that there
87 86was a variation of Sr/ Sr at the time of emplacement of the rocks.
The variation does not appear to be the result of later metamorphic
or metasomatic events. When the lead age of 2760 my is applied to each
87 86total rock sample, the initial Sr/ Sr values are found to range from 
.7008 to .7014 for most of the samples. Two anomalous samples
o n  os
apparently have lower initial Sr/ Sr values of .7001 and .7003 but 
the calculation is probably invalid as their Rb/Sr may have been 
affected by surface weathering.
A plagioclase internal isochron established via inclusions within 
the plagioclase agrees with the ages determined for microcline and 
biotite at 2600 my. The concordance of these ages with each other 
and with biotite ages from the metabasalt suggest that a specific and 
widespread event at Kambalda has been recorded by these minerals. The 
sensitivity of biotite to thermal effects and a mineralogy of many of 
the metabasalts consistent with greenschist metamorphism suggest that 
this event recorded by the minerals is the end stages of the greenschist 
metamorphism.
The internal isochron also establishes that plagioclase has 
remained a closed system since crystallization of the granite.
A representative plagioclase, composition-corrected for later internal 
redistribution, may be calculated. When coupled with its total rock 
the intrusive age of the granite is found to be 2690 ± 40 my. The age 
is in reasonable agreement with the Pb-Pb age of 2760 ± 70 my 
determined by Oversby (1974b). This plagioclase-total rock age is also 
not distinguishable from the metasomatic age determined in the
194
metabasalts. The lack of alteration in the granite samples and the 
closed system behaviour of the plagioclase argues against any 
relationship to the metasomatic event. It has been shown previously 
that the metasomatism is related to II^O-CO^ solutions and that they 
have not affected all metabasalts. Thus it is considered that the 
plagioclase-total rock age is an estimate of the intrusive age of the 
granite.
9.4 KAMBALDA FELSIC PORPHYRIES 
9.4.1 Introduction
Felsic porphyries intrude most of the rocks in the Kambalda area. 
In core samples they range in appearance from very white, almost pure 
plagioclase rocks, to dark greyish dioritic looking material.
Strontium and lead isotopic analyses were carried out on a number of 
compositional types. All samples are from drill core except one from 
a mine location.
In thin section, the samples analyzed all display similar 
textures and compositions. Generally they contain euhedral plagioclase 
phenocrysts in a fine-grained groundmass of plagioclase and quartz.
Most of the samples appear unaltered, with only a few having minor 
sericitic alteration in the plagioclase. Pyrite, biotite and a 
carbonate are common minor minerals. Several samples also contain 
amphibole, and one sample (887) has abundant hornblende phenocrysts. 
Three samples (891, 892, 896) are distinguishable by their almost pure 
white appearance in hand specimen, the result of being composed of 
about 90% plagioclase. These samples appear to cut the more common 
felsic intrusives. Most of the other samples analyzed are intrusive 
into basalt and often contain mafic clots, presumably of basalt 
recrystallized as amphibole. Three samples are from drill hole KD6003
195
and are intrusive into the sodic granite. These samples are 
distinguished by a pinkisli colour in hand specimen and abundant 
chlorite, rather than biotite, as a minor mineral and in veins in the 
rock.
In the following sections the U-Pb data for a limited number of 
samples are discussed and then followed by the Rb-Sr data. This order 
is followed as the lead data are able to put constraints on the 
interpretation of the Rb-Sr results.
9.4.2 U-Pb Results for the Felsic Porphyries
Lead isotopic analyses were carried out on 16 of 27 felsic 
porphyries used for Rb-Sr isotopic determinations. Most of these 16 
were analyzed for uranium. Table 9.19 lists the lead and uranium data. 
The sample locations may be determined by reference to the drill hole 
numbers in Table 9.21 and their location on Figure 8.1.
Figure 9.20 is a “^Pb/^^Pb-“(^ Pb/~^Pb plot for 15 of the total 
rocks. Sample 892 is very radiogenic (Table 9.19) and is not plotted 
in this diagram. The lead data appear to be scattered and indicate 
that there is a variation of initial lead composition or of age for 
these samples. The basalt clots are considered to have negligible 
effect on the lead in the samples. The lead concentration is 10 to 40 
times higher in the felsic porphyries and the lead isotopic composition 
is similar to that in the basalts.
Figure 9.21 presents the Pb/ Pb- Pb/ Pb plot of the same
data. The scatter is similar to that on Figure 9.20. This scatter
could be attributed to a range in the Th/U of the samples as well as
a possible range in age and initial ratios. Replicate analyses of
samples 896 and 892 (not shown in Figure 9.21) do not reproduce their 
208 ?04Pb/“ Pb within the estimated error limits (Table 9.19), and suggest 
that thorium may be heterogeneous in these samples.
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The IJ-Pb plots clarify some of the relationships in the Pb-Pb
diagrams. A ^^U/^^Pb-^^Pb/^^Pb plot (Figure 9.22) shows that the
data provide a moderately good linear array (MSWD = 6.83) with 10 of
the 13 analysed samples defining an isochron with an age of 2710 ± 200
my, and an initial ^^Pb/^^Pb of 13.62 + 30. Sample 919 lies well to
the right of the isochron indicating that it is younger in age or that
it has gained uranium. If the former is true, its age is 2460 ± 150 my
assuming the same initial ^^Pb/^^Pb as the other samples. Two of the
samples rich in plagioclase (892, 896) lie well to the right of the
isochron and off Figure 9.22; they must have gained uranium. They
have anomalously young ages of 1200 my and 800 my.
235 204 207 204Figure 9.23 presents the same data in a U/ Pb- Pb/ Pb
plot. Regression of the same 10 samples that defined an isochron in
Figure 9.22 results in an age of 2700 ± 180 my, similar to the
^38u_206pb age  ^ anc[ an initial ~^Pb/~^Pb of 14.77 + .12, but the fit
is well outside of experimental error (MSWD = 12.1). The deviation is
238 206almost twice that of the U- Pb data. Sample 919 has a younger age 
of 2500 ± 150 my assuming the initial ratio of 14.77 and no uranium 
gain.
If the same 10 samples are grouped on the Pb-Pb diagram they have
an age of 2702 ± 232 my with a scatter in the data similar to the 
235 207U- Pb diagram (MSWD = 11.45). Sample 887 (no uranium analysis) 
may be included in the regression and modifies the result to 2740 ± 140 
my without an increase in the MSWD (11.70).
The variations from experimental error observed in the U-Pb plots 
could be attributed to a small loss or gain of uranium in recent times. 
The data near the origin in the U-Pb plots (Figures 9.22 and 9.23) 
suggest that this may be the case as samples 21, 30 and 41 are located 
below the isochron on both plots while the other three data points are 
above it. Comparison with the "^Pb/“  ^'Pb-^^Pb/^^Pb plot (Figure 9.20)
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shows that this is an incorrect assessment. The 10 total rock data
235 207points in this diagram and in the U- Pb plot (Figure 9.23) have
remarkably similar distributions around a 2700 my isochron. Recent
uranium redistribution would not affect the Pb-Pb plot and thus there
would not be a similarity of distribution in the two plots. The
variations can therefore be attributed to different ages or different
initial ratios for the felsic porphyries.
Table 9.20 is a listing of the ages for the 11 total rock samples
on the U-Pb plots assuming the initial 2^Pb/2^Pb and 2<^ 7Pb/“^Pb as
207 206indicated from the regressions. The Pb/ Pb age has also been 
calculated assuming the same initial lead ratios. The ages calculated 
range from 2460 to 2890 my with only three samples (21, 41, 66) having 
agreement in their model ages to within 50 my.
The felsic porphyries are unlikely to be older than the sodic 
granite (2760 ± 70 my) as field relations indicate that they are 
intrusive into the granite. Thus the scatter in the data must be due 
primarily to a variation in the initial lead ratios for the samples. 
Regressions for the U-Pb data indicate that the scatter is greater 
(MSWD = 12.1) in the 235U-207Pb plot than in the 238U-206Pb plot (MSWD = 
6.8). This is considered to indicate that there is a greater variation 
m  the initial Pb/ Pb than m  the Pb/ Pb.
207 204The regressions indicate, however, that the initial Pb/ Pb
ratio has less absolute error (± .12) than the initial 2^Pb/2  ^Pb
235 207(± .30). This situation arises since data points in the U- Pb
235 204plot are extremely close to the Y axis because the "'U/ Pb ratio is 
very small while in the 2,:>8U - ^ 3Pb plot the 238U/2^Pb have much larger 
values and the data points are more distant from the Y axis. A long 
extrapolation to the initial ratio, and thus a higher error estimate 
(mainly because of imprecision of U/Pb), is required in the U-^ Pb
TABLE 9.20
Calculated* Model Ages of the Kambalda 
Felsic Porphyries
Sample 238U-206Pb 235 2070 U- Pb 207Pb-206Pb
72-21 2580 2600 2610
30 2600 2560 2530
41 2680 2660 2640
44 2750 2700 2670
47 2750 2790 2810
66 2690 2660 2640
890 2800 2850 2890
893 2840 2790 2750
895 2750 2650 2580
912 2640 2750 2830
919 2460 2500 2540
*Initial ratios assumed are ^^Pb/2^Pb = 13.62
204
plot. The scatter of the data must be considered around the line and
not at a long extrapolation from it. This is the value of the MSWD
2 0 7 2 0 1parameter. Therefore a greater variation in the Pb/ Pb than the
206  ^,204  ^. . . ,Pb/ Pb is consistent with the data.
A number of data points, notably from the plagioclase-rich 
samples 891 and 896 which both give anomalously younger U-Pb ages (800 
my, 1200 my), appear to fall below the rest of the samples in the Pb-Pb 
plot (Figure 9.20). A pyrite separate for 892, a very radiogenic 
plagioclase-rich sample (not plotted), provides a mineral-total rock 
isochron. The age is 2400 ± 40 my and is much younger than the group 
of 10 mentioned previously. In thin section the pyrite appears to be 
a primary phase that crystallized with the plagioclase phenocrysts and 
before the finer groundmass. There are some small clear silicate 
inclusions in the final pyrite separate which would account for the 
high uranium concentration (3.1 ppm) in the pyrite. Because the 
metamorphic effects appear to have ended by about 2600 my as established 
by biotite Rb-Sr ages and there is no secondary alteration in this 
sample it is considered that the 2400 my age represents the time of 
intrusion for this felsic porphyry. The uranium gain inferred for these 
samples from the anomalously younger U-Pb ages must have been recent.
It is possible that if sample 892 were emplaced at 2400 my then 
the other two plagioclase-rich samples (891, 896) are also this age.
It may be a coincidence but when paired these two samples define an age 
of 2400 my on the Pb-Pb plot (Figure 9.20).
In summary, the U-Pb data indicate that the felsic porphyries 
have a range in age from about 2700 ± 200 my to 2400 ± 40 my. Most of 
the samples have a variation of initial ^^Pb/^^Pb and 20('Vb/^°^Pb but 
have been emplaced at about the same time (2700 ± 200 my).
205
9.4.3 Rb-Sr Results for the Fclsic Porphyries
The location of the drill holes from which the samples were 
collected are shown in figure 8.1. The Rb-Sr data are presented in 
Table 9.21.
Figure 9.24 shows that the total rock data for the felsic
porphyries define a reasonably good linear array with an age of 2575 ±
87 8640 my and an initial Sr/ Sr of .70169 + 11. The data do not fit to 
within experimental error (MSWD = 6.66) and a Model 3 isochron is 
preferred. The reason for this may be seen in Figure 9.25 representing 
the lower data points of Figure 9.24. The two lines through the data 
points are explained below. There appears to be a range in initial 
ratios and possibly in ages; a pattern similar to the lead data. The 
minor mafic clots present in the samples, probably basaltic, are 
unlikely to be responsible for the variation. The strontium 
concentration is much higher in the felsic intrusives (by a factor of 
about 10) and the strontium isotopic composition is similar to the 
basalts. There is no correlation in degree of alteration or amount of 
carbonate present with the higher or lower points in Figure 9.25.
The lead data have indicated that 11 of the samples on Figure 
9.25 have the same age and variable initial lead ratios. Analyses of 
plagioclase separates from two of the samples (21, 66) confirm that 
there is a range in strontium initial ratios. When coupled with their 
total rocks these plagioclases appear to lie on two approximately 
parallel lines on Figure 9.25. The other total rock samples also group 
on these two lines. Regression analyses of the samples on these lines 
(including plagioclase) define ages of 2661 ± 84 my (MSWD = 2.91) and 
2617 ± 55 my (MSWD = 1.12) with initial ratios of .7014 + 2 and .7018 
+ 1 respectively. The ages are not significantly different from each 
other and may be pooled to give a mean age of 2630 ± 45 my. The initial 
ratios are significantly distinct from each other.
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Samples 891, 892, 896 that are apparently younger, according to
both field relationships and lead isotope results, have been omitted
from this treatment. The inclusion of the plagioclase separates with
the total rocks is believed to be justified as it was previously shown
(Section 9.3.4) that the plagioclase in the sodic granite has remained
a closed system since crystallization. The plagioclase in the younger
felsic porphyries should also have remained closed systems.
The pooled age of 2630 ± 45 my is not significantly different
from the original age estimate of 2575 ± 54 my produced from all the
samples but the scatter of the data has been reduced and the obvious
87 86variation of initial Sr/ Sr has been taken into account.
Some additional support for this division of samples is given by
the strontium contents of these rocks. The five samples with the 
87 86higher initial Sr/ Sr have strontium concentrations ranging from 
1000 to 2200 ppm while the rest of the samples range from 600 to 1100 
ppm strontium.
Biotite separates from three of the samples included in the above 
2630 my regressions (Table 9.21) also support the division of the 
samples into groups to give an older age. They have ages of 2600 ± 25 
my (21), 2628 ± 25 my (66) and 2592 ± 18 my (890). These biotite 
results may be pooled to give 2603 ± 13 my, an age indistinguishable 
from the biotite ages for the sodic granite and metabasalts.
Previously it has been considered that these biotites are registering 
a metamorphic cooling event (Section 9.3.5). This could also be the 
case for these biotite samples as the felsic porphyry total rock age 
(2630 ± 45 my) may be older than 2600 my. Alternatively the porphyries 
could have been emplaced at 2600 my as the biotite and total rock ages 
are indistinguishable.
The remaining samples with higher Rb/Sr in Figure 9.24 may also 
be assessed independently. Three felsic porphyries intrusive into the
granodiorite (756, 757, 758) contain chlorite instead of biotite as
a minor mineral phase. Usually chlorite is not a reliable mineral for
Rb/Sr dating (see Section 11.6.3) but it can at least provide a lower
limit to the intrusive age for the samples. Chlorite from one sample
(756) when coupled with its total rock has an age of 2510 ± 40 my and
an initial 1 Sr/ Sr of .7021 +3. An upper limit to the age of these
three rock samples may be estimated by assuming, from Figure 9.25, that
the lowest reasonable initial ratio for the felsic intrusives is .7014.
The oldest possible age is then 2645 my. The total rock-chlorite age
may be the better estimate for these intrusives as this age agrees with
the zircon age inferred by Pidgeon (1973) for vein material within the
same drill hole from which these samples were obtained.
The Rb-Sr age of two remaining samples (919, 920) may be assessed
87 86by assuming, as indicated in Figure 9.25, that the initial Sr/ Sr
values for most felsic rocks are between .7021 and .7014. With these
limits, sample 919 has a possible age range of 2460 to 2650 my and
920 a range of 2480 to 2550 my. The U-Pb plots suggest that 919 is
about 2460 ± 150 my, in good agreement with the Rb-Sr estimates.
The three plagioclase-rich samples that the Pb-Pb data indicated
to be about 2400 my old are located close to the Y axis on the Rb-Sr
diagram. Any reasonable variation in their age has little effect on 
87 86their initial Sr/ Sr values. Assuming the age of 2400 my the initial 
ratios are .7019 (891), .7016 (892) and .7014 (896).
In summary, the Rb-Sr data supports the conclusions made for the 
U-Pb data. There appears to be a range in age and initial ratio for 
many of the felsic porphyries. The Rb-Sr data have provided a more 
precise estimate of the age of the older intrusives at 2630 ± 45 my.
The younger age limit can only be estimated to be about 2450 my.
A more precise estimate for a younger felsic porphyry is given in the
next section.
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9.4.4 Rb-Sr Results on an Altered Ultramafic Contact
Tlie contact between the ultramafic and felsic intrusives at
Kambalda often has a well developed halo of biotite-phlogopite-rich
material within the ultramafic. This is the metasomatic alteration
referred to by Ross and Hopkins (1974). Dating of this material should
provide the age of the alteration and the age of the intrusion of the
felsic dykes if the events are coincident.
One core sample of the contact zone with variable contents of
chlorite and biotite was split into 3 cm thick sections and analyzed
as total rocks. Figure 9.26 and Table 9.21 present the results of
analyses of three of the total rocks. The isochron has excellent
dispersion and fits to within experimental error (MSWD = .06) with an
age of 2523 ± 50 my. The initial ^Sr/^Sr is high at .708 + 5 and is
87 86significantly different from the felsic intrusives initial Sr/ Sr 
of .7014 to .7022.
The high initial ratio is rather unexpected as there is no
apparent source of significant radiogenic strontium in the area, and
the felsic porphyries, presumably responsible for the alteration, do not 
87 86have high Sr/ Sr. The isochron and thus the initial ratio is 
controlled by the high point which might be in error. If this point 
is ignored, model ages may be calculated for the low points assuming 
a felsic porphyry initial ratio of .7020. The ages found are 2580 and 
2595 my, slightly outside the error limits of the isochron but in 
reasonable agreement with some of the felsic porphyry ages.
This contact sample is 7.5 metres from felsic porphyry sample 
71-41 which was previously grouped with other intrusives to give an 
age of 2630 ± 45 my. The age of the altered ultramafic is significantly 
younger than the felsic intrusives but no felsic samples were taken 
directly at the contact and it is possible that a younger intrusive is
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responsible for the alteration. The age is within the error limits 
of the time of intrusion of a number of younger felsic intrusives.
As the halo of alteration is only developed directly adjacent 
to the felsic intrusives the age of this alteration is attributed to 
the intrusion of the felsic rocks. The conditions at the ultramafic- 
felsic intrusive contact have allowed the introduction of potassium- 
rich solutions into the ultramafic. This could be the result of water 
in the serpentinized ultramafic extracting a limited amount of 
potassium from the felsic intrusive at the time of emplacement. This 
is in contrast to the metabasalt-felsic intrusive contacts where there 
is usually no halo of biotite.
The age for this alteration halo is significantly younger than 
the internal rnetasomatic event in the metabasalts and further 
indicates that they are unrelated events despite their similar character 
in core sections.
9.4.5 Summary
The Kambalda felsic porphyries vary both in their age and initial
strontium and lead isotopic compositions. Division of some of the
87 86samples into two groups apparently different in their initial Sr/ Sr 
indicates that the oldest porphyries were emplaced at 2630 ± 45 my.
Less confidence can be placed on the age of the younger porphyries.
One and possibly two samples are about 2500 my old. The age of the 
altered ultramafic contact with a felsic porphyry supports this later 
time of intrusion. The youngest felsic intrusives are 2400 ± 40 my old. 
Table 9.22 presents the best estimates of the ages and initial strontium 
ratios of the samples according to the groups outlined above.
2 IS
Ages and Initial
TABLE 9.22
^ S r / ^ S r  of Felsic Porphyries
Sample Groups Age (my) Initial
87Sr/86Sr
Low initial ^ S r / ^ S r  
(14 samples*)
High initial ^ S r / ^ S r  
(5 samples )
2661 ± 84] .7014 + 2
►Pooled = 
2630 ± 45
2617 ± 55j .7018 + 1
Intrusives into sodic granite: 2650 - 2510
756, 757, 758
.7014 - .7021
72-919
72-920
Altered Ultramafic Contact
Plagioclase-rich samples: 
891, 892, 896 
(Pb-Pb age)
2650 - 2460
2550 - 2480
2523 ± 50
2440 ± 40
.7014 - .7021
.7014 - .7021
.708 + 5
.7014 - .7019
Samples regressed: 21, 30, 31, 41, 44, 886, 888, 889,
890, 893, 894, 912, 918, 923, 21-plag.
+Samples regressed: 47, 66, 885, 887, 895, 66-plag.
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9.5 KAMBALDA DOLERITE DYKES
9.5.1 Introduction
Dolerite dykes are rare at Kambalda and have been observed in 
only two locations. One exposure is in the mine workings at Durkin 
Shoot while the other is seen to be intrusive into the inetabasalts of 
drill hole KD1029. The drill core was sampled in detail for metabasalt 
and gave an internal metasomatic age of 2670 ± 30 my (Section 9.2.4).
Five samples were collected from individual dykes within the drill hole. 
The dykes ranged from 6 to 21 metres in thickness. Samples were not 
collected from the mine workings.
The dolerite in the drill hole exhibits sharp chilled contacts 
with the metabasalt and felsic intrusives. The rock is medium-grained, 
becoming coarse-grained in the thicker dykes. In thin section the 
dolerite exhibits typical ophitic texture. Euhedral laths of plagioclase 
(An^) have only the occasional saussurite growths while about 10% of 
the pyroxenes show some alteration to an amphibole carbonate 
intergrowth. Some carbonate is also associated with minor altered 
plagioclase. Opaques are common in all samples, many grains showing 
cubic forms. One sample (29) contains unaltered rounded olivine 
grains showing minor magnetite rimming.
9.5.2 Rb-Sr Results for the Dolerite Dykes
Table 9.23 and Figure 9.27 present the Rb-Sr isotopic data for
the five dolerite samples and their mineral separates. The data points
87 86define an isochron with an age of 2085 ± 46 my and an initial Sr/ Sr
of .70182 + 12. There appears to be a slight deviation from within
experimental error with MSWD equalling 3.50. The plagioclase separates
87 86provide a precise determination of the initial Sr/ Sr and indicate 
that it is very uniform in these samples. Thus it would appear that 
the deviation from experimental error must be due to a range in age
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for these samples or some other cause. As the samples are a maximum 
of 3400 feet apart and are similar petrographically and in their 
rubidium and strontium concentrations it seems unreasonable to consider 
that they are of different ages.
Two alternative possibilities for the deviation remain. The 
samples exhibit some alteration, especially in their pyroxenes. If 
they have been altered at a time significantly later than the 
emplacement age a deviation from experimental error would be expected. 
The other possibility is that the precision for the analyses has been 
underestimated. Sample 6 indicates that this may be the case as the 
duplicates for the total rock and plagioclase do not reproduce within 
0.5% in Rb/Sr (Table 9.23). Increasing the estimated Rb/Sr precision 
to 1.0% for these samples reduces the MSWD to 2.78; however, the 
deviation is still significant (F = 2.00). Thus it is uncertain 
whether the deviation from experimental error can be attributed to the 
poor analytical reproducability of these samples or the slight 
alteration in the pyroxenes. In either case the error estimate on the 
age allows for the variation,and the regression age must be close to 
the last time that the mineral phases were in isotopic equilibrium 
with each other. Since the plagioclases are almost completely 
unaltered and have an anorthite composition consistent with a fresh 
dolerite it is considered that the isochron represents the 
crystallization of the dolerite.
The Proterozoic age of 2085 ± 46 my for the dolerite is the 
youngest age as yet recorded for igneous rocks in the Kalgoorlie 
Subprovince. Turek (1966) determined an age of 2420 ± 30 my for the 
East-West Dykes of Kalgoorlie and Norseman area. Thus basic igneous 
activity appears to be a long term feature of the area.
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9.6 SUMMARY OF KAMBALDA ISOTOPIC RESULTS
The major igneous activity at Kambalda appears to extend from 
about 2700 - 2800 my to about 2600 my with minor activity to as late 
as 2100 my. The oldest rocks exposed are represented by the 
metabasalts and ultramafic sequence. A Pb-Pb isochron for the 
metabasalts has a slight scatter in the data points, considered to 
result from variable initial ratio, and defines an age of 2720 ± 270 
my. The lead in the sulphide ore within the ultramafic appears to be 
related to the metabasalt lead and when used as the initial lead 
composition for the metabasalts, the age is more precisely defined as 
2700 ± 115 my.
A metasomatic event, here termed an internal metasomatism 
because only the addition of CO^ and H^O appears to be involved, has 
caused a redistribution of rubidium and potassium and a consequent 
growth of biotite within the metabasalts. This redistribution has 
effectively reset the Rb-Sr system giving an excellent dispersion in 
Rb/Sr. Thus the time of internal metasomatism has been precisely dated 
at 2670 ± 30 my.
The Kambalda Sodic Granite has an extremely low Rb/Sr dispersion 
87 86and variable initial Sr/ Sr in the total rock samples; a precise 
Rb-Sr age cannot be determined from them. Plagioclase appears to have 
remained a closed Rb-Sr system and when a representative plagioclase 
Rb/Sr composition is coupled with its total rock an age of 2690 ± 40 
my is found. This age is in fair agreement with the Pb-Pb age of 2760 
± 70 my (Oversby, 1974b) for the sodic granite.
A plagioclase internal isochron for the sodic granite has an age 
of 2606 ± 32 my. This age is in good agreement with the microcline 
and biotite ages for the granite and also agrees with the biotite ages 
from the metabasalt. These concordant ages indicate that the greenschist 
metamorphism present in the area had ended by about 2600 my.
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The felsic porphyries at Kambalda are intrusive into both the 
ultramafic-mafic sequence and the sodic granite. Rb-Sr and lead 
isotopic analyses indicate that these intrusives have variable lead 
and strontium initial isotopic compositions and a range in age. Most 
of the samples have an age of 2630 ± 45 my while the youngest 
porphyries appear to be 2400 ± 40 my. In one case an altered contact 
with the ultramafic sequence has recorded the time of felsic intrusion 
as 2523 ± 50 my. Unmetamorphosed dolerite dykes are intrusive into 
the metabasalt sequence. These dykes have an age of 2085 ± 46 my and 
their intrusion is one of the youngest events as yet recorded in the
Kalgoorlie Subprovince.
87 86The initial Sr/ Sr of the rocks at Kambalda are generally low. 
The metabasalts have a value, at the time of their metasomatism, of 
.70126 + 9. Lower ratios may exist for less altered metabasalts but 
their age is not well defined. At an assumed age of 2700 my one sample 
has an initial ^Sr/^Sr of .7005 + 1.
0 7  O  (L
The sodic granite has a range in initial Sr/ Sr of .7008 to
.7014 when the Pb-Pb age of 2760 my is assumed. The later felsic 
porphyries have initial ratios varying from .7014 to .7021.
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CHAPTER 10
EVOLUTION OF TUE KAMBALDA AREA
10.1 INTRODUCTION
This chapter outlines the possible geological history of the 
Kambalda area in terms of the evolution of strontium and lead isotopes. 
The isotopic interpretation is constructed within the framework of the 
presently understood evolution of strontium and lead isotopes for the 
Archaean history of the earth. The secondary effects of alteration 
related to metasomatism and metamorphism are discussed and interpreted 
in relation to the petrological, and chemical data as well as the 
isotopic data available.
10.2 ISOTOPIC EVOLUTION OF KAMBALDA ROCKS 
10.2.1 Strontium Isotopic Evolution
In order to discuss the evolution of strontium isotopes in the
Kambalda rocks, some estimate of the average strontium isotopic
composition of the upper mantle in the time interval between 3.0 and
87 862.0 by ago is required. The evolution of Sr/ Sr in the upper mantle
has been discussed by many writers as it is important in theories of
the differentiation history of the early crust and mantle. Faure and
Powell (1972) provide a review' of the data and of the models proposed.
It is apparent from the data now available that the upper mantle
is inhomogeneous with respect to strontium isotopic composition. The
variations observed are the result of differences in the Rb/Sr ratio
in different parts of the upper mantle. These differences in Rb/Sr
must have existed for very long periods of time (1.0 - 2.0 by) to give
87 86rise to the presently observed variations of Sr/ Sr. The variable
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Rb/Sr could be the result of either an original heterogeneity in the 
mantle or of its continuous differentiation to form the crust.
Basaltic rocks are usually considered to be derived from the upper 
mantle without interaction with crustal material. Continental basaltic 
rocks, however, display a wide range of isotopic composition. Their
0 7  O  z'
Sr/ Sr ranges from .703 to .707 but with some as high as .712, as 
in the Tasmanian and Antarctic dolerites (Heier et al3 1965; Compston 
et at, 1968). Faure et at (1971) have presented evidence indicating 
that these dolerites have been contaminated on a large scale with 
crustal material. In contrast, oceanic island volcanics have a more
0 7  O s
restricted range of Sr/ Sr from .703 to .706 with a mean of .7037 
(Faure and Powell, 1972), and ocean ridge tholeiites have low values 
of .7020 to .7030.
Gast (1968) first proposed that the upper mantle might be
inhomogeneous and that previous episodes of melting to produce
basaltic rocks had depleted large areas of the mantle in the more
lithophile elements. This model could account for the differences
between the strontium compositions of the oceanic island basalts and
the ocean ridge tholeiites. Recent data from Hart and Schilling (1973)
have given support to this model. They have documented a continuous
87 86but sharp change in Sr/ Sr ratios from .70270 along the Reykjanes 
ridge axis to .70304 near and on Iceland. They consider that two 
discrete upper mantle sources are being tapped —  one feeding the 
oceanic island and adjacent ridge and the other feeding the ridge 
further from the island. Trace element data indicate that the ridge 
tholeiites are depleted in lithophile elements and Hart and Schilling 
suggest that the ocean ridge tholeiites have been depleted in a previous 
episode of partial melting and that the oceanic islands represent 
material from an undepleted upper mantle.
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These inhomogcneiti.es in the mantle-derived strontium indicate
that the evolution of the upper mantle has been complex and a number
of models ranging from single stage to multistage have been suggested
to approximate this evolution. A two-stage model is often proposed
to account for high initial ratios for many basaltic rocks. In this
model, the upper mantle is presumed to have a comparatively high Rb/Sr
ratio until about 3.0 - 3.5 by ago when a major differentiation of
crust from upper mantle took place (for review see Faure and Powell,
1972). After this event the Rb/Sr in the mantle was lower, resulting
8 7 86in a slower rate of increase in Sr/ Sr from 3.0 by to the present.
0 7  o  s
Figure 10.1 is an initial Sr/ Sr vs age plot of older
(greater than 1.7 by) Precambrian rocks for which reasonably precise
isochrons have been determined (Table 10.1) and which may represent
mantle derived material or rocks with a short crustal history. The
technique of Sanz and Wasserburg (1969) has been used to draw
rhombohedrons with 2a error limits for each isochron. The diagonal
from the upper right to lower left of each rhombohedron is an
approximate measure of the mean Rb/Sr for the points on the isochron
from which the data have been derived. The lower line in the diagram
87 86represents the lower limit to growth of Sr/ Sr in the upper mantle.
87 86It is a straight line from a meteoritic initial Sr/ Sr of .6988 at 
4.6 by (Gray et at, 1974; taken here to represent a lower limit for 
the primordial terrestrial ^Sr/^Sr) to the present day ridge basalts
O 7  O (L
with Sr/ Sr of .7025. The higher line is an alternate linear 
evolution from the meteoritic point to a higher present day value of 
.7037 for the "undepleted" upper mantle as represented by the composition 
of volcanics from oceanic islands.
A partial melting process in the upper mantle, under equilibrium 
conditions, will result in a magma which plots along the upper mantle
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TABLE 10.1
Age and Initial Ratio Data for Some Precambrian Rocks
Intrusion Age (my)
Initial*
87Sr/86Sr Reference
Canada, U.S.A.
Cl Algoman Granites 2540 + 90 .7016 + 9 1
C2 Saganaga Tonalite 2710 ± 400 .7010 + 4 2
C3 Northern Light Gneiss 2740 ± 100 .7007 + 4 2
C4 Vermillion Granite 2680 ± 95 .7005 + 12 1
C5 Keewatin Series 2595 ± 45 .7006 + 9 1
Greenland 
G1 Isua Gneiss 3700 ± 140 .7011 + 20 3
G2 Narssaq Gneiss 3750 ± 90 .7015 + 8 3
G3 Qilangarssuit Gneiss 3740 + 100 .7009 + 11 3
G4 Nük Gneiss 3040 + 50 .7026 + 4 4
G5 Early Ketilidian Granite 1894 ± 91 .7023 + 10 5
G6 Late Ketilidian Granite 1782 ± 18 .7033 + 5 5
South Africa
SI Basaltic Komatiite 3500 + 490 .70047 + 14 6
Western Australia
A1 Jones Creek Adamellite 2689 ± 17 .70149 + 15 this work
A2 Kambalda Metabasalts 2670 ± 30 .70126 + 9 this work
A3 Kambalda Dolerite 2085 + 46 .70182 12 this work
References: (1) Peterman et al3 1972
(2) Hanson et al3 1971
(3) Moorbath et at3 1972
(4) Pankhurst et al3 1973
(5) Van Breeman et at3 1974
(6) Jahn and Shih, 1974
*Initial ^Sr/^Sr relative to a value of .7081 for Eimer 
and Amend SrCO^ standard
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evolution line. The melting process will probably cause an enrichment 
of rubidium relative to strontium in the magma and the Rb/Sr of the 
resulting rock will be higher than the upper mantle in the absence 
of the effects of crystal fractionations in the crust. Because of its 
higher Rb/Sr, the new crustal rock will now evolve along a line with 
a steeper slope than the upper mantle evolution line shown in Figure 
10.1. If the rock is remelted or even partially melted at a later 
time the strontium isotopes may be internally equilibrated and when 
crystallized again, the rock will have a new position representing its 
age and an initial ratio that will plot above the mantle evolution 
line. The crustal history of the rock is indicated by its displacement 
from the upper mantle line, and if the Rb/Sr prior to melting is 
known, the residence time in the crust for this simple two-stage 
history can be determined by projecting a line with the slope 
proportional to the Rb/Sr to an intersection with the upper mantle 
evolution line.
More complicated models involving sedimentary cycles can be 
constructed. Beyond more than one stage, the exact nature of the 
evolution of a crustal rock from the upper mantle becomes indeterminate 
and only approximate limits can be set by making assumptions on the 
timing of events and the Rb/Sr at each stage.
The data presented in Figure 10.1 indicate that a single stage
rather than two-stage evolution of the upper mantle may be applicable.
The data from the Archaean of Canada and of the United States (Cl - C5)
87 86represent some of the lowest initial Sr/ Sr ratios. More data are
available but have been omitted for the purpose of clarity.
Unfortunately the error limits are rather high on the isochrons but
87 86taken as a group, they display a consistent pattern of initial Sr/ Sr 
between about .7008 and .7010 at 2.6 to 2.7 by.
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The Kambalda metabasalts (A2) are also shown on the diagram.
Considering that the co-ordinates plotted refer to internal
metasomatism, and that the emplacement age must be at least 2.7 by and
possibly as high as 3.0 by these metabasalts also have an initial 
87 86Sr/ Sr of a similar or possibly lower value than the Canadian data.
Thus the 2.7 by Archaean rocks may be within the linear evolution
band of the "depleted" and "undepleted" upper mantle.
An alternate interpretation could be taken if the Kambalda
Metabasalts are about 2.7 by. In this case the basaltic komatiite (SI)
from South Africa and the Australian data (A2 and A3) define a
reasonably linear evolution that could project to a present day 
87 86Sr/ Sr of .7037. This would approximate a non-linear two-stage 
model with a higher Rb/Sr in the early interval of earth history from 
4.6 to about 3.7 by.
The older 3.7 by Greenland gneisses have initial ratios similar
to the younger 2.7 by rocks and this must be attributed to metamorphic
reworking of granitic-type rocks in the crust. The high Rb/Sr values
of these rocks, as indicated by the diagonals of the rhombs, show that
reworking after a crustal history as short as 100 my can raise the 
87 8 6Sr/ Sr by .0010. A similar origin applies to the younger Greenland 
data.
It is not as yet clear what the best approximation is to the 
evolution of the upper mantle. Perhaps the large scale inhomogeneities 
of the upper mantle that are inferred from the recent volcanics also 
existed in the Precambrian. In this case the scatter of the data in 
Figure 10.1 can be considered to reflect this variation. For the 
purpose of discussing the Kambalda data the zone bounded by the 
"undepleted" and "depleted" evolution lines will be considered to 
represent the strontium isotopic evolution of the upper mantle. Within
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this band the slope of the true evolution line will be approximated
87 86by the limit lines. The Sr/ Sr evolution rate will be 
approximated by the slope of the line no matter what the correct 
position is.
10.2.2 Strontium Isotopic Evolution of the Kambalda Rocks
The Kambalda rocks have one distinct advantage when the evolution
of their strontium isotopes is considered. The Rb/Sr ratio of all the
rock types except several felsic porphyries is low, with most values
87 8ftbeing in the range .002 - .10. Thus the initial Sr/ °Sr can be 
estimated fairly precisely even if the age is comparatively poorly 
known. (See the South African basaltic komatiite data in the last 
section for an example). The metabasalts have a high Rb/Sr dispersion 
but several samples have extremely low Rb/Sr values. Thus both a 
precise age and initial ratio has been determined. This age, however, 
is the time of metasomatism, not emplacement. The sodic granite has 
virtually no dispersion but when coupled with the lead age the initial 
ratios can be estimated.
This precision for the initial Sr/ Sr is offset by the fact
87 86that most of the rocks appear to have had slightly variable Sr/ Sr 
on emplacement. This in itself is significant and must be taken into 
account in the interpretation of the evolution of the Kambalda rocks.
In Figure 10.2 the Kambalda metabasalts have been shown as a 
shaded region extending from the internal metasomatic age of 2670 my to 
the lower limit for the upper mantle. Previously (Section 9.2.3) it 
was calculated that the rubidium concentration in the average Kambalda 
Metabasalt was about 4 ppm before metasomatic redistribution. Hallberg 
(1972) found an average value of 9 ppm for the average Eastern 
Goldfields Metabasalt, but suggested that a median of 4 ppm could 
possibly be a better estimate. As the strontium is uniform (87 ppm) 
in the Kambalda Footwall Metabasalts, an estimate of the limits of the
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Rb/Sr value can be made by using the rubidium values of 4 and 9 ppm.
The region is thus bounded by Rb/Sr estimates of .046 and .10 before
the internal metasomatism. The upper age limit is 3000 my as
indicated by the Pb-Pb data on the metabasalts only. Inclusion of the
sulphide data with the metabasalts limits the age to just over 2800 my.
87 86The age and initial Sr/ Sr at emplacement must be located in this
shaded region. Evolution of the metabasalts is along a line from the
emplacement data point to the internal metasomatic age.
The single metagabbro sample (number 3) (Section 9.2.4) is
represented as a band cutting the metabasalt region. It could
represent the original composition of unaltered basalt at Kambalda.
The metasomatized metabasalts appear to have relatively uniform initial 
87 86Sr/ Sr and if sample 3 represents a closed total rock system related
87 86to the other metabasalts then the true age and initial Sr/ Sr for
the metabasalts must lie along this line and through the shaded region.
In this case the age indicated, allowing for an error band of ± .0001 
87 86in Sr/ Sr around the line, is 2800 - 3000 my and is no improvement 
over the previous estimates as the basalts must be older than the 
granite at 2760 ± 70 my. The main importance of sample 3 is that the 
initial ratio is estimated as being .7005 to .7003, and within the 
upper mantle evolution band.
The Kambalda granite has a range of strontium isotopic compositions
but low Rb/Sr dispersion and is thus characterized by a band encompassing 
87 86the range of Sr/ Sr and extending from the granite Pb-Pb age of 
2760 ± 70 my. The evolution lines have been extrapolated into the 
upper mantle band with the slope proportional to the Rb/Sr measured in 
the granite.
The older felsic intrusives are plotted in the same manner as the 
granite with lines representing the two pooled isochrons at 2630 ± 45 
my extrapolated toward the upper mantle band. Three younger felsic
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porphyries are shown as lines with slopes proportional to their Rb/Sr 
extending from 2400 my.
The dolerite is much younger than the other rocks and has a 
separate evolutionary path from the upper mantle.
The most striking characteristic of Figure 10.2 is the obviously 
close isotopic relationships of the metabasalts, granite and older 
felsic intrusives. They appear as a consequence to have been derived 
from similar source material and the low value for sample 3 suggests 
that this source is in the upper mantle. There are certain problems, 
however, with this simple interpretation.
The Kambalda Metabasalts are certainly a partial melt of an
upper mantle source and considering their close spatial relationships
to the ultramafic rocks are probably derived from a source related to
the sulphides. The lead isotopic data indicate this. If they were
emplaced at Kambalda as early as 3000 my then their strontium isotopic
composition would be within the upper mantle evolution band. If they
are younger, as the lead data suggest (2700 ± 115 my with the sulphides),
then their mantle source would be just above the presumed mantle
evolution band. The data would then be consistent with the non-linear
evolution with a higher Rb/Sr in the mantle in the early history of
the earth. Alternatively, application of the idea of isotopic exchange
between crust and mantle (Armstrong and Hein, 1973) could account for 
87 86the high Sr/ Sr values for the metabasalts. Either model indicates 
that the metagabbro, sample 3, is incorrect, presumably because it has 
been altered in the same manner as the other metagabbro samples 
(Section 9.2.4).
87 86The sodic granite has a number of samples with initial Sr/ Sr 
values higher than the metabasalts and may have been derived from a 
source with a crustal history or from a separate source in the mantle
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87 86having a higher Sr/ Sr. The variable initial ratios indicate that 
contamination or mixing of material with different strontium isotopic 
compositions could be involved. The nature of this contamination 
process is not understood, as the granite appears to be homogeneous 
with respect to major and trace elements and yet appears to have 
variable initial ^Sr/^Sr.
If the higher ratios in the granite have been derived from
crustal material with a Rb/Sr value similar to the measured value of
0.09 their crustal history cannot extend beyond about 3200 my.
Derivation from a source with a lower Rb/Sr, and thus lower slope in
Figure 10.2, would allow the crustal evolution to extend to earlier
times. A higher Rb/Sr source (for example Rb/Sr = .25) would restrict
the crustal evolution to 100 my or less.
The higher Rb/Sr would not be expected for the granite as melting
processes usually will increase the Rb/Sr of the melt relative to the
source rock. Thus the Rb/Sr was probably similar to or less than the
observed ratio of .09 and the crustal history of the rock, or parts of
it, could extend to 3200 my or older.
The older felsic intrusives appear to be derived from the same
source material as the sodic granite. A source with a Rb/Sr value the
same as the granite and with slightly less dispersion of initial 
87 86Sr/ Sr would give rise to the felsic intrusives at 2630 my. A
basaltic source with the same isotopic characteristics as the Kambalda
metabasalts could not give rise to the felsic rocks with the higher 
87 86initial Sr/ Sr unless they were partially melted from the basalt and 
the Rb/Sr increased 300 - 500 my before their emplacement in the crust.
The abundances of major elements of both the sodic granite and 
felsic porphyries are similar (Table 8.3); the lead, uranium, rubidium 
and strontium contents are also similar and when taken with the isotopic 
data, support a proposal of a common source for the sodic granite and
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the fclsic intrusives.
A number of felsic intrusives appear to be younger than the 
older group at 2630 ± 45 my. Of these only the three plagioclase- 
rich samples having an apparent Pb-Pb age of 2400 my may have a 
different strontium evolution than the other felsic intrusives. If 
they have been derived from the same source as the granite and older 
intrusives, they must have existed in an environment with their present 
low Rb/Sr for 200 - 300 my. Alternatively they could have been 
derived from a separate source with a lower Rb/Sr than the rocks 
presently exposed at Kambalda.
The dolerite is much younger than the other Kambalda rocks and 
its evolutionary position is located above the upper mantle evolution 
band. There are two possible ways of considering its evolution. If 
the mantle-derived metabasalts are young (2700 - 2800 my) and also lie 
above the upper mantle band then the dolerites are also located in a 
similar position on Figure 10.2, but at a later time. A derivation of 
the dolerite from an upper mantle source would then be consistent with 
the data. Alternatively the metabasalts may be older (up to 3000 my) 
and the dolerite could be contaminated with crustal material.
Contamination by the sodic granite is a possible explanation for 
87 86a high Sr/ Sr. The rubidium and strontium concentrations of the 
dolerite are slightly higher than those in the metabasalts (Rb = 7.9;
Sr = 126). A mixture, of about 5% sodic granite and a mantle basalt,
O 7  O s'
with an initial Sr/ Sr of .7010 (Figure 10.2) and similar rubidium 
and strontium concentrations to the Kambalda metabasalts could produce 
the observed dolerite concentrations and strontium isotopic composition.
An alternate way of accounting for a crustal component is to 
derive the dolerite by remelting older crustal metabasalt. It could 
not be the presently exposed Kambalda metabasalt as Figure 10.2 shows
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87 86that the initial ’ Sr/ Sr of this remelted material at about 2100 my
would be at least .7023 and not the lower value of .7018 for the
dolerite. In order to derive the dolerite from crustal material
generated at the same time that the Kambalda basalts were extruded,
the source material would require a Rb/Sr ratio of about .042. This
Rb/Sr is represented by an evolution line from the lower portion of
the shaded metabasalt region to the dolerite datum at 2085 my.
Contamination of a mantle-derived basalt with older crustal
metabasalt is another method of generating the dolerite but the
contamination would have to be older than the Kambalda metabasalt. If
the Kambalda metabasalt, with a strontium concentration of about 100 
87 86ppm and Sr/ Sr of .7023 - .7030, were mixed with mantle material
O n O z r
of Sr/ Sr of .7010 then 30 - 50% of Kambalda metabasalt would be
required. The assimilation could then more appropriately be considered
under the second method of crustal remelting.
There are obviously a number of possible combinations of the above
mechanisms for deriving a dolerite with the appropriate composition.
10.2.3 Lead Isotopic Evolution
Lead isotopes, in theory, provide a much more precise method
than strontium isotopes for determining the evolution of rocks derived
from the mantle. Because of the double decay of two uranium isotopes
to two lead isotopes, calculation of a model age and a value for the 
238 204model y ( U/ Pb) for the source region of igneous rocks is possible. 
This calculation involves assuming the age and initial isotopic 
composition of the earth. These quantities are assumed to be identical 
to the oldest age (4.57 by) and most primitive composition of lead in 
meteorites (Tatsumoto et al> 1973). These values along with the initial 
isotopic composition of the rock in question are substituted into 
equation 2.4 (Chapter 2) to determine the model age, t . The model y 
value is determined by substitution into the following equation:
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, X'tn V (e 0 - X't.e ) (206Pb/204Pb) - (20V 204Pb)
where
tj is the model age of the sample 
tg is the age of the earth
238X* is the decay constant for CU
i refers to the initial composition for the earth
1 refers to the initial composition of the rock in question.
If the model age agrees with the geological age determined by an 
independent method, it may be concluded that a particular rock has been 
derived from a source that has maintained a constant y equal to the 
model y since the formation of the earth. Generally the model age is 
younger than the geologic age, and consequently the source material 
is thought to have undergone one or more changes in y before its final 
emplacement in the crust. Using the new uranium decay constants 
(Jaffey et aly 1971) no model age older than the geological age has 
been found (Oversby, 1974a).
The multistage development of lead isotopes is not at all confined 
to crustal processes. Oceanic islands tap sources of magma in the 
upper mantle that are believed to be unaffected by crustal contamination. 
Lead isotopic analyses of these rocks (Gast et al> 1964) reveal that 
these mantle sources have had multistage development over periods of 
1.0 - 2.0 by. The calculated model lead ages are negative (i.e. they 
are younger than their geological ages) and the volcanics have 
selectively sampled lead from components of the mantle that have been 
higher than the model y in value at some stage in the history of their 
source.
Older Precambrian rocks are usually not as discordant, and show 
differences of 300 my to less than 100 my between model lead and
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geological ages. This is thought to reflect the fact that the 
Precambrian mantle has not had such a long time interval as the 
modern mantle to undergo multistage development.
10.2.4 Lead Isotopic Evolution of the Kambalda Rocks
Oversby (1974b) calculated a model lead age of 2515 my and a 
model y of 7.96 for the Kambalda sodic granite and concluded that its 
source had undergone a multistage development. A similar calculation 
for the mean Kambalda sulphides (Table 10.2) gives a model lead age of 
2560 my and a model y of 7.93. This model age is about 140 to 300 my 
younger than the presumed emplacement age of the mafic sequence and 
suggests that the lead in the sulphides and the presumably related 
metabasalts has not evolved in a single stage system with a y of 7.93 
since the formation of the earth at 4.57 my.
The mafic-ultramafic sequence and its associated sulphide ore at 
Kambalda is thought to have formed in a deep oceanic environment from 
local fissures (Ross and Hopkins, 1974). The ultramafic has a 
composition similar to estimates of the bulk composition of the upper 
mantle sources of modern basalts (Green, 1970). A high degree of 
partial melting (60 - 80%) of the source has given rise to the 
ultramafic magma leaving a residual olivine (Fo^) phase in the upper 
mantle.
The ultramafic exhibits skeletal (spinifex) textures (Ross and 
Hopkins, 1974) considered characteristic of rapid growth in a 
supercooled liquid (Nesbitt, 1971). Some olivine (h°g2  ^ Present 
as suspended crystals (Ross and Hopkins, 1974). It has been shown 
experimentally (Green et al3 1974) that the temperature of extrusion 
of liquids of this composition (Table 8.2) was at least 1600 - 1650°C 
and that the magma contained < 1% water. In order to derive this 
ultramafic melt from the upper mantle extremely rapid upward movement 
of a crystal plus liquid diapir is necessary (Green, 1972).
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TABLE 10.2
Multistage Evolution of the Kambalda Sulphide Lead
Two Stage Models
111 tl
(by)
y2 *2
(by)
7.3 3.97 9.0 2.70
7.6 3.67 9.3 2.70
7.8 3.37 9.8 2.70
7.0 3.87 10.2 2.80
7.5 3.57 10.9 2.80
7.7 3.27 12.5 2.80
Three Stage Models
yi h y2 *2 y3 t3
7.1 3.70 13.0 3.30 7.4 2.70
7.5 3.70 9.7 2.90 7.9 2.70
7.1 4.0 9.3 2.90 7.8 2.70
7.5 4.0 7.6 3.80 9.2 2.70
7.1 3.70 11.7 3.00 7.4 2.80
7.5 3.70 7.8 3.50 11.1 2.80
7.1 4.0 8.2 3.70 10.4 2.80
7.5 4.0 7.2 3.60 10.9 2.80
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The metabasalts appear to be isotopically related to the sulphides 
and probably originated by lower degrees of melting (< 40%, Green,
1970) of similar or the same upper mantle source as the ultramafics.
The strontium isotopic data is consistent with an upper mantle source 
for the metabasalts.
On a more regional scale Hallberg (1972) studied the basalts from 
volcanic belts over a large area of the Kalgoorlie Subprovince. He 
concluded that an "uncontaminated source of tholeiitic basalt was 
available throughout the development of thick volcanic piles which may 
exceed 9 km in thickness". It thus appears that the upper mantle- 
derived liquids were extensively involved in the generation of the 
presently exposed crust in the Eastern Goldfields.
If the Kambalda sulphides and metabasalts have experienced 
multistage development of their lead isotopes, it would be reasonable 
to consider that this development took place in the mantle, just as it 
did for modern oceanic volcanics. Table 10.2 presents two stage and 
three stage lead evolution calculations for the Kambalda sulphides 
assuming that their emplacement age is 2700 my or 2800 my. This table 
indicates that the model y values for the source of the sulphide lead 
must, at some stage, have values of 9.0 or greater. Lower limits of 
7.5 to 7.0 for y are also required.
Oversby (1974b) has surveyed the available data for model y values 
of Archaean rocks and found them to range from 7.0 to 8.5. On a 
world-wide basis model y values have a more restricted range of 7.4 to 
8.1. Oversby has considered that this range in model y defines the 
maximum limits to the original heterogeneity of the mantle. Thus the 
Kambalda sulphides have y values at some stage in their development 
that are outside of the presumed original mantle limits of Oversby 
(1974b). It would appear that either the multistage calculations are
C /
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incorrect or the lead in the sulphides has had a more complicated 
history than inferred for the sulphide ore.
There are four possible ways to explain the results:
(1) The sulphides and metabasalts have had a previous crustal history
(2) The assumptions made in the calculation of the model lead age 
or the multistage evolution are incorrect.
(3) The mantle or parts of it below the Yilgarn Block had a high y 
value for the Archaean.
(4) The sulphide and metabasalts have been contaminated with 
radiogenic lead from a crustal source.
The possibility of a previous crustal history for the ultramafic 
and associated sulphides is considered unrealistic for the reasons 
given previously as to why it is derived from an upper mantle source.
As the metabasalts are closely associated with them, and have a 
tholeiitic composition, they also are most unlikely to have had a 
previous crustal history.
The second possibility involves three factors in calculating 
multistage evolution. These are —  the time when the U/Pb of the 
earth became fixed (referred to as the age of the earth), the lead 
isotopic composition at the time of formation of the earth and the 
decay constants for the uranium isotopes. Oversby (1974a) has recently 
commented on the use of these assumptions and concludes that the values 
used are reasonable and that model ages of Archaean rocks can be 
calculated to an accuracy of between + 20 and - 125 my. It follows 
that the multistage calculations should have a similar accuracy and 
thus the calculated high y values are correct.
There is, however, a fourth assumption implicit in calculating 
model lead ages and multistage mantle histories. It is assumed there 
has been no return of crustal material into the mantle. The 
differentiation history of the earth is assumed to be a one-way process
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from mantle to crust. Broadly, this is Ringwood’s (1974) model for 
the earth’s evolution, but in detail his model requires the 
participation of crustal material in the generation of magmas in 
island-arc systems. Basalts generated at an ocean ridge are 
transported across the ocean floor and consumed in a trench system.
Some of the overlying sediments are also transported down the trench. 
Recent lead isotopic and trace element data on basalts from island-arc 
environments are often explained in terms of contamination with the 
subducted material (Tatsumoto and Knight, 1969; Hart et al3 1970), 
although this idea is opposed by Oversby and Ewart (1972). Armstrong 
(1968) has carried this mixing hypothesis further and proposed a model 
of isotopic evolution based on exchange between the crust and mantle 
at an exponentially decreasing rate throughout time. Armstrong and Hein 
(1973) tested this model by computer calculations and showed it to be 
consistent with the observed data. Thus, addition of crustal rocks 
to mantle-derived material may be a normal process in the evolution of 
the earth. The multistage calculations, in this case, have no time 
significance but do indicate that a crustal component is involved in 
the generation of the mantle rocks.
As the other two explanations of the results rest on the multistage 
calculations, it will be assumed for the sake of this discussion that 
the above mixing hypothesis is not true. Oversby (1974b), as stated 
previously, considers that the early mantle had a restricted range of 
y from 7.4 to 8.1. The multistage calculations for the Kambalda rocks 
indicate y values well outside this range and some explanation is 
required. It would appear that the Archaean mantle in the area must 
have had high y values or that a small amount of crust was assimilated 
by the metabasalt and ultramafic magmas.
Both Kanasewich (1962) and Cooper and Richards (1966) considered 
that the y values in the mantle could have much larger ranges of values
than proposed by Oversby (Kanasewich 7 to 11; Cooper and Richards 2 
to 16). They calculated that even with large ranges of mantle y values 
heterogeneous mixing, at a number of different times, could give rise 
to the observed distribution of lead isotopic compositions of volcanic 
rocks. In both cases they started with a homogeneous value of y for 
the earth at about 3.0 by. The calculations of Armstrong and Hein 
(1973) show that the restriction to 3000 my is not necessary and that 
the earth could be heterogeneous in y from earlier times (i.e. 4.5 by). 
The increasing negative model ages with decreasing geologic age may be 
accounted for by considering a zoned mantle and a small amount of 
mixing between the upper mantle and deeper parts (Armstrong and Hein, 
1968) causing a net addition of uranium to the upper mantle. Thus high 
y values may not be an unusual feature of upper mantle sources. The 
recent volcanics are samples of upper mantle sources with a multistage 
history and as they are partial melts of possibly large areas of the 
mantle the mixing could mask the large fluctuations in the isotopic 
composition of their sources.
The fourth and last way to explain the lead results is by 
contamination of the mafic-ultramafic sequence with radiogenic lead 
from older crust. This process is not appealing because of the 
apparent mode of generation of the ultramafic rocks from the upper 
mantle. Rapid upward movement and quenching of the ultramafic make 
the contamination hypothesis difficult to entertain. Mixing of 
appropriate proportions and compositions of upper mantle and crustal 
lead however, might give rise to both the mean composition and the 
variation seen in the lead of the sulphides and metabasalts. The 
crustal component involved in the mixing must necessarily be small as 
there is no detectable contamination seen in the other trace and major 
elements, either in the metabasalts or the ultramafics. Previously, 
Table 8.2 presented analyses of the composition of the ultramafics at
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Kambalda. The concentrations of sodium and potassium restrict the 
contamination with a crustal rock of granodioritic composition to the 
order of 1 - 2%, or a basaltic rock to 5% or less.
The ultramafics would presumably be very low in lead concentration 
(in the order of 0.2 ppm, Armstrong and Hein, 1973). If the 
contaminating granitic crustal rock had about 20 ppm lead then 1% 
contamination with this material would contribute 0.2 ppm lead to the 
ultramafic and could cause a significant change in the isotopic 
composition. If the contamination were basaltic and had 1 ppm lead, 
this material would provide only .05 ppm lead contamination. These 
appear to be maximum values for basaltic contamination and thus 
granitic material is a more plausible component. Much of the lead 
contamination may have been concentrated in the sulphide melt prior 
to extrusion. The low viscosity of the sulphide melt would have 
allowed relatively efficient mixing of the lead isotopes to produce 
the small variation observed in their isotopic composition. If the 
sulphides already had a concentration of mantle lead, the proportion 
of crustal lead mixing with them could be much lower than estimated 
above for the ultramafics.'
Presumably, the metabasalts are also contaminated with crustal lead 
because of the apparent isotopic similarity to that of the sulphides and 
the variation in their isotopic compositions. The proportion of 
contaminating material may not be very large because the observed 
concentrations of lead are low (mean .71 ppm) and similar to recent 
oceanic tholeiites (.50 ppm, Tatsumoto et al3 1965). The only other 
analyses of Archaean basalts available are those of Sinha (1972) for 
the Barberton basic volcanics. These rocks have high lead concentrations 
ranging from 3. to 47. ppm and probably are not tholeiitic basalts. If 
the lead concentration of oceanic tholeiites is used as an estimate of 
the Kambalda metabasalt lead concentration, contamination is probably
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less than 5096 of the lead in the metabasalts. This estimate is 
consistent with a 1% addition of crustal granodiorite resulting in 
a .2 ppm increase in the lead concentration of the mctabasalts. 
Inefficient mixing in the more viscous basalt magma would account for 
the observed variations of the isotopic ratios.
If this contamination model is correct it must account for a 
number of distinct features of the uranium-thorium-lead systematics 
in the Kambalda rocks. Table 10.3 lists the initial lead isotopic 
composition and element ratios for the major Kambalda rock types. The 
metabasalt initial lead compositions are not listed but are presumed 
to be similar to the sulphides. A reasonable contamination model for 
the evolution of these rocks must account for the similarity of the 
lead isotopic composition of most of the rock types and also the 
variations observed. There is a good correlation of ^^Pb/^^Pb with 
^^Pb/“^Pb in the metabasalts while the correlation is poor for 
206pb/204pb-207Pb/204pb.
In order to explain the features discussed above, some estimate 
must be made of the lead isotopic composition of the crustal material 
contaminating the ultramafic-mafic sequence. Oversby (1974b) has 
recently determined the age and initial isotopic compositions of eight 
granite-granodiorite plutons in the Kalgoorlie-Norseman area. The 
Kambalda granite is one of these. The plutons have a range in age from 
2630 to 2760 my and a similar dispersion in their ^^Pb/^^Pb and 
^^Pb/^^Pb. Figure 10.3 is a plot of the initial compositions of these 
plutons on a single stage growth curve grid. Also included are the 
sulphide data points and the band encompassing the possible range in 
metabasalt initial ratios. The three most radiogenic granite data 
points are upper limits only because of problems in the uranium 
corrections for the initial lead compositions (Oversby, 1974b). The 
composition of a Kalgoorlie galena (Tilton and Steiger, 1969) is also
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on the diagram.
As the granites are from a large geographic distribution around 
Kambalda it is expected that they should represent rocks derived from 
the crustal source that is presumed to have contaminated the Kambalda 
metabasalts and ore. Most of the granites are 50 my to possibly 200 
my younger than the presumed age of the Kambalda metabasalt and thus 
the source rocks would have less radiogenic compositions at the time of 
the emplacement of the Kambalda sequence. The granites (Figure 10.3) 
have a time integrated model y of about 8.0. Their source y prior to 
emplacement might range from a mean y of 4. to possibly 20. Thus, at 
the time of emplacement of the Kambalda sequence the source region of 
the granites would have had a less radiogenic lead composition and 
would probably plot between the limits represented by the 2450 and 2700 
my isochrons. The shaded region on the plot represents the possible 
composition of the mantle from which the metabasalts and ore were 
derived assuming the y limits of 7.4 to 8.1 proposed by Oversby (1974b).
Mixing between a crustal source and the sulphide ore would be 
reasonably represented by the mixing line shown (Figure 10.3) and 
indicates that the sulphides have been contaminated with 40 to 100% 
crustal lead. The lower limit of 40% contamination is determined by 
the location of the observed sulphide ore composition approximately 
midway between the mantle source and a crustal component located along 
the 2450 my isochron. The upper limit of 100% contamination would 
result if the crustal lead had a composition located at the observed 
composition of the sulphide ore. The metabasalts are presumed to be 
contaminated by less than 50% of crustal lead. The mixing line must 
pass through the observed sulphide composition and in order to generate 
the observed range of metabasalt compositions the mantle source must 
have a y value of 7.7 or less. The crustal contamination would have 
an average model y value of about 8.1 and would have to have undergone
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a multistage history composed of, for example, one stage in the mantle 
at a y of 7.6 and another later stage in the crust at a y of 11.0 or 
possibly a more complicated history of two stages in the crust.
figure 10.4 is a Pb/ Pb- Pb/ Pb plot of the same data 
given in Figure 10.3. The mantle evolution lines are given for a y of 
7.6 as this value has been estimated above. An increase in this value 
does not change the Th/U lines to any significant degree; it only 
advances the isochrons toward higher 2^ P b / ^ ^ P b  values.
It is surprising that most of the granites lie on a linear trend 
approximately along the single stage evolution trend for a mantle Th/U 
value of 4.0. The three more radiogenic points may have a minimum 
uranium correction applied to them and thus may be too radiogenic. They 
lie on a line from the main group having a Th/U of about 2.5. All the 
granite samples except one analyzed by Oversby (1974b) (20 in all) have 
calculated Th/U of 2.1 to 2.8. Thus a slight radiogenic component in 
the potassium feldspar used for calculation of initial composition 
would generate the pattern observed in the more radiogenic points.
As in the previous diagram, at the presumed time of intrusion of 
the Kambalda sequence, the source for the granites and thus the 
contamination would have a more primitive composition than that 
represented by the granite data points. In order to result in the 
observed distribution of the sulphides and metabasalts the contaminating 
source would have to have a Th/U value of about 2.5 to lie along the 
mixing line at 2700 my.
The contamination hypothesis might also explain the observed Th/U 
of 3.8 for the metabasalts by the mixing of 4.2 - 4.4 Th/U mantle 
material with a crustal component with a Th/U of 2.5.
Perhaps the most important observation from this diagram is that, 
m  contrast to the Pb/ Pb- Pb/ Pb plot where a scatter m  
the metabasalts is generated by crustal contamination, a much smaller
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scatter is generated in the ^^Pb/^^Pb-^^Pb/^^Pb plot. The 
contamination appears to lie along the present trend of the metabasalt 
data points. The variation of ^^Pb/^^Pb and “^Pb/^^Pb compositions 
are masked in this plot by the colinearity of the mixing line and the 
present day observed metabasalt line.
The Kalgoorlie galena composition of Tilton and Steiger (1969) 
occupies an interesting position on the two lead evolution plots. The 
composition is the same as that tabulated by Russell and Farquhar (1960) 
except the ^^Pb/^^Pb is lower. The value of Russell and Farquhar is 
certainly fractionated as it was determined on a gas source machine 
with no corrections for fractionation. The data of Tilton and Steiger 
(1969) is probably also fractionated as their values for Manitouwadge 
galenas are about .35% per mass unit higher than the absolute values 
of Stacey et al (1969). Adjustment of the Kalgoorlie galena data point 
brings its composition close to that of the Kambalda sulphides. The 
composition should be redetermined to confirm if their compositions 
are similar.
The mixing model necessarily implies that the metabasalts must 
have had an isotopic composition more primitive than the observed 
sulphides if the lead contamination in the metabasalts is less than 
50%. It appears to be a remarkable coincidence that the sulphide ore 
lead, which appears to have a high crustal lead component (60 - 100%) 
is still located along the regression line for the metabasalt samples.
Following this contamination model to its natural conclusion, 
melting of the older crustal rocks has resulted in the generation of 
the Kambalda Sodic Granite and the later felsic porphyries. This 
appears reasonable for the Pb/ Pb- Pb/ Pb plot but raises
problems in the ^^Pb/''^Pb-“^Pb/“^Pb plot. The sodic granite could 
not reasonably represent the crustal contamination because it cannot 
be located along the mixing line. It would appear that the sodic
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granite is derived from a source with a slightly different composition. 
The felsic porphyries have lead compositions indistinguishable from 
the granite; their major element compositions are also similar and 
thus these rocks are probably derived from the same source as the 
Kambalda Sodic Granite.
The contamination model outlined above has assumed that there is 
a bulk assimilation and mixing of about 1% crustal material with the 
mafic-ultramafic rocks. It could be that a process of selective 
leaching or exchange of lead isotopes has taken place between the 
mantle-derived magmas and crustal rocks. In this case the crustal 
lead exchanged might be much more radiogenic than that represented by 
the granite plutons. If this is the case the crustal component in the 
sulphides might be much smaller than estimated above and the mean 
composition of the sulphides and metabasalts could be the same at the 
time of emplacement.
The effects on the Rb-Sr system of a 1% crustal contamination to
the metabasalts could be very small and go undetected in this isotopic
system. Addition of 1% of the sodic granite to the metabasalts would
increase the strontium concentration by about 7 ppm in 87 ppm. As the
isotopic composition of the granite is the same or slightly higher
87 86there would not be a detectable change in the Sr/ Sr of the 
metabasalts.
10.2.5 Summary of the Isotopic Evolution
The lead and strontium isotopic systems in the Kambalda rocks had 
a range in initial values at the time of emplacement. It is necessary 
to postulate that isotopically heterogeneous sources must have been 
available to give rise to the variations observed.
The lead isotopic data suggests that contamination with a small 
(1%) crustal component can account for the variation observed in the 
metabasalt and sulphide leads. Alternatively, mantle heterogeneities,
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partially preserved during the generation of the mafic-ultramafic 
sequence, could account for the variations. These heterogeneities may 
be the result of the existence for long periods of time of a range in 
y values in the mantle or alternatively the recycling of crustal 
material back into the mantle (Armstrong, 1968) where it has not been 
completely mixed with mantle sources. This model could account for 
the similarity of the lead compositions of the sulphides and the sodic 
granites and felsic porphyries. The model, however, is indistinguishable 
isotopically from the contamination hypothesis.
The strontium isotopic evolution is compatible with either of the 
above models.
10.3 GEOLOGICAL HISTORY AT KAMBALDA
This section is a synthesis of the data presented in the previous 
chapters and the petrological and chemical data of Ross and Hopkins 
(1974). It provides a geologically reasonable interpretation of the 
evolution of the Kambalda area.
The earliest record of geologic activity is the accumulation of 
at least 2000 metres of tholeiitic submarine basalt in a deep water 
oceanic environment. Associated with this volcanism is the extrusion 
of an ultramafic magma and its associated magmatic nickel sulphide ore 
from local fissure sources. The lead in the sulphides and basalts 
appears to be related and a Pb-Pb isochron age of 2700 ± 115 my is 
indicated for the time of extrusion of the basalt sequence. A more 
conservative estimate of the age (2720 ± 270 my) might apply to the 
metabasalt but the apparent genetic and isotopic relationships suggest 
that the more precise age is probably correct.
Model lead calculations indicate that the lead in the sulphides 
does not conform to a single stage evolution. An older crustal lead 
component is present in the ore or the mantle from which it was derived
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had a heterogeneous composition. The variable initial isotopic ratios 
of the basalt are also indicative of a heterogeneous source.
Minor sedimentary horizons are associated with, and at the base of, 
the ultramafic sequence. Ross and Hopkins have proposed that active 
convection currents above the fissure sources of the hot ultramafic 
magma might be responsible for the distribution of the sedimentary 
horizons.
Volcanic activity seems to have been continuous after the 
extrusion of the ultramafic and resulted in the accumulation of more 
basalt but there is at least one significant graphitic shale horizon 
within the basalt, indicating a short hiatus in the extrusion of the 
basaltic sequence. Faulting and erosion have obscured any further 
record of the accumulation of volcanics or sediments.
The next major event recorded by the isotopic systems is the 
intrusive age of the sodic granite. Pb-Pb and plagioclase-total rock 
Rb-Sr results for the granite give ages of 2760 ± 70 my and 2690 ± 40 
my respectively. An older zircon age of 2860 ± 100 my is reasonably 
consistent with the other isotopic systems. These ages are 
indistinguishable from the age of 2700 ± 115 my for the lower basalt 
sequence and suggests that the tectonic events in the region were of 
reasonably short duration.
Felsic porphyries in the area have ages ranging from 2630 ± 45 my
to as young as 2400 my. The older felsic porphyries are isotopically
related to the granite and the characteristic variation in initial
composition of both the granite and felsic porphyry suggests that they
may represent partial melts of older crustal material. The high sodic
nature of the granite would allow derivation from a partial melt of
basaltic rocks (Green and Ringwood, 1968) but another crustal component
87 86may be involved to account for the higher initial Sr/ Sr in some 
samples. The younger felsic intrusives appear to be derived from an
254
isotopically different source.
The latest igneous activity at Kambalda is represented by the 
intrusion of dolerite dykes at 2085 ± 50 my.
Superimposed on this evolution of the igneous rocks at Kambalda 
are a number of alteration features, some of which have been recorded 
by the isotopic systems.
The ultramafics have been serpentinized and then subjected to 
talc-carbonate alteration. These processes are considered to be nearly 
isochemical, with the possibility of a slight loss of calcium caused 
by the serpentinization (Ross and Hopkins, 1974). The time at which 
these alterations took place is unknown but it might be reasonable to 
suppose that this serpentinization took place shortly after extrusion.
The water required for the process would be readily available in the 
submarine environment.
The talc-carbonate alteration of the ultramafic has resulted from 
the addition of carbonate and removal of water from the serpentine 
rocks. Thus CO^ and H^O have been mobile within these rocks after the 
serpentinization.
Ross and Hopkins (1974) consider that the presence of biotite within 
the metabasalt is associated with potassium metasomatism caused by the 
felsic intrusives and sodic granite, or at least solutions associated 
with them. They also consider that the alteration envelopes around 
the felsic and dacitic. porphyries, in contact with the ultramafic, are 
the result of potassium metasomatism. Chlorite is usually replaced 
by biotite and the amphibole recrystallized. There are some problems 
with this interpretation and the isotopic and geochemical data indicates 
that the metasomatism is not necessarily associated with the felsic 
porphyries. The common features of this metasomatism appear to be the 
availability of potassium within the rocks and the presence of 
carbonate veins or alteration indicating that CO^-H^O solutions have
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permeated the rock. For example detailed analyses of a single 
FootwaH Metabasalt unit indicate that these mobile components 
probably were responsible for the growth of biotite adjacent to 
fractures, containing calcite, within the metabasalt. This process, 
termed an internal metasomatism, has resulted in rubidium, and to a 
lesser extent potassium, being extremely mobile within these rocks 
while other elements do not appear to have been affected. A precise 
age of 2670 ± 30 my was obtained for the time of this rubidium and 
potassium mobility and the growth of biotite.
This metasomatic alteration is not necessarily associated with 
felsic porphyries nor is it a pervasive phenomenon. Intrusives 
exposed 100 metres below the altered core section, studied in detail, 
do not necessarily have biotite halos within the metabasalt. The 
altered section has only secondary mineral assemblages while a section 
of metagabbro about 200 metres above it has apparently preserved some 
of its original mineralogy (plagioclase). Few carbonate veins are 
visible and thus the CO^-H^O solutions have not significantly penetrated 
this section of metagabbro.
Within the ultramafic, talc-carbonate alteration is common but 
potassium metasomatic alteration is only found adjacent to felsic and 
dacitic intrusives.
From the above observations it is concluded that the metasomatic 
alteration is associated with the ability of CC^-H 0 fluids to mobilize 
potassium and rubidium within the rock and concentrate these elements 
and form biotite adjacent to the fractures or zones where the fluids 
are most active. The metabasalts appear to have had sufficient 
potassium (.15 - .25%) to cause a significant growth of biotite where 
the CO^-H^O solutions are able to permeate the rock. Within the 
ultramafic, despite the presence of CO^-H^O fluids, potassium and 
rubidium are low enough that no detectable concentration of biotite
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has formed. Only when the ultramafic is in contact with an intrusive 
with significant potassium concentration (2%) is there a growth of 
biotite.
Intrusion of a felsic dyke could provide the necessary heat to 
cause the mobilization of the CO^-l^^ within the ultramafic and 
result in the transport of rubidium and potassium from the dyke and 
growth of biotite within the ultramafic. This appears to be the case 
for the young alteration halo within an ultramafic contact rock. Its 
age is 2523 ± 50 my and is certainly younger than the regional 
metamorphism in the area (see below). The age is consistent with the 
inferred zircon age of 2500 my for veins (presumably felsic 
porphyries) within the granite (Pidgeon, 1973).
It is therefore concluded that the metasomatic alteration is a 
local effect often confined to redistribution of potassium and rubidium 
within a section of rock. Fluids containing CO^ and H^O, but no 
significant alkalies, appear to be responsible for the metasomatism.
Ross and Hopkins (1974) have inferred that the regional greenschist 
metamorphism of the area would have reset the sodic granite mineral 
systems; therefore the metamorphism must have occurred at or before 
the time recorded by the Kambalda granite mineral systems (2760 ± 70 my). 
In a later section (Section 11.6.3) on the Jones Creek Granodiorite, 
it will be shown that plagioclase Rb-Sr systems are not necessarily 
reset by greenschist metamorphism. The same conclusion has already 
been made for plagioclase in the Kambalda granite. Thus the regional 
metamorphism is not necessarily an early event in the area.
One common feature of minerals in the sodic granite, felsic 
porphyries and metabasalt is that the biotite Rb-Sr ages are all 
indistinguishable from each other and have a common age of 2600 my.
Hart et al (1968) and Hanson and Gast (1967) have shown that the biotite 
Rb-Sr system is sensitive to thermal effects and that biotite becomes
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a closed system at about 200 - 250°C. This temperature is lower than 
the temperature of 400 - 450°C estimated for greenschist metamorphism 
(Winkler, 1967). Because the three different rock types have the 
same biotite ages it appears that they are recording a significant 
thermal event at Kambalda. The plagioclase internal isochron and 
microcline in the granite are also recording this age. As biotite 
registers the last time that it was in an environment above 250°C then 
it seems certain that it is recording the end stages of the 
metamorphism. It is not clear when the metamorphism began but it can 
be said that it ended by about 2600 my.
Turek (1966) determined an age of 2670 ± 35 my on altered basic 
assemblages at Kalgoorlie. As the age is the same as the age of 
metasomatism at Kambalda it is believed that the metasomatism is 
recording the time of peak metamorphism. The H^O and C0o solutions 
would be expected to reach their maximum mobility at high temperatures 
and thus the metasomatism and metamorphism are essentially 
contemporaneous. The younger metasomatism in the ultramafics is 
considered to be caused by the local thermal effects of the intrusion 
of felsic porphyries.
Table 10.4 is a modified form of Table 8.4, given in the 
introduction to Kambalda (Section 8.5). The isotopic age limits have 
been included on the diagram. It is apparent that the major tectonic 
events at Kambalda extend over a possible range of 2600 to about 2820 my 
but could be over the shorter interval of 2600 - 2700 my. Minor 
intrusive activity has continued until about 2100 my.
The evolution at Kambalda appears to have taken a similar, if 
slightly longer, time to that observed in Canadian Archaean belts. 
Isotopic dating of the Rainy Lake region, Ontario (Goldich et al3 1972; 
Peterman et al3 1972) indicate a short time interval (50 my) elapsed 
between development of a volcanic-sedimentary pile and intrusion of
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TABLE 10.4
Geological Evolution at Kambalda, Western Australia
Time in my
A.
Dolerite Dykes 
(2085 ± 46 my)
2000
2100I
I
2400
Felsic (and Dacitic?) 2500
Porphyries (2400 - 2630 ± 45 my)
2600
Greenschist Metamorphism
v A
2700
Sodic Granite (2760 ± 70 my) (
Regional Faulting I
Formation of Dome 
Hanging Wall Basalt 
Ultramafic with sedimentary 
horizons and ore zones 
Footwall Basalt (2700 ± 115 my)
2800
A
Contact Metasomatism 
(2523 ± 30 my)
V
A A Internal Metasomatism 
(2670 ± 30 mv)
V
Talc-carbonate alteration 
serpentinization of 
ultramafic
Local Faulting 
and Subsidence
y
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syntectonic granite plutons. In the Yellowknife, N.W.T. area, Green 
and Baadsgaard (1971) consider that the crustal segment evolved in 
a single tectonic cycle of approximately 75 my duration.
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CHAPTER 11
Rb-Sr AGE OF THE JONES CREEK GRANODIORITE 
11.1 INTRODUCTION
The importance of establishing the age of the various volcanic 
cycles within greenstone sequences is obviously very significant in 
understanding the evolution of the Archaean of Western Australia. The 
last few chapters have shown how difficult it may be to obtain a precise 
age directly from the mafic assemblages within greenstones. Dating of 
the acid volcanics so far attempted has yielded equivocal results 
(Section 7.3). Thus an opportunity to establish a precise age of a 
greenstone sequence, even by indirect means, is of great value.
Durney (1972) has recently described a well-exposed Archaean 
unconformity approximately 105 km south of Wiluna, Western Australia.
It was shown that a metamorphosed boulder conglomerate unconformably 
overlies a basement of granite (Jones Creek Granodiorite) and 
greenstone. Subsequently Alchurch and Gemüts (pers. comm, to D. Durney, 
1973) determined that the same conglomerate grades upsection into 
another greenstone sequence 65 km south of the granodiorite and Sheppy 
(pers. comm, to D. Durney, 1973) has found the same relationship a 
few kilometres to the north. Thus the granodiorite is clearly older 
than a greenstone and for the first time a favourable situation has 
been found for measuring an older limit to the age of a typical Yilgarn 
greenstone sequence by dating the granodiorite. The age of the Jones 
Creek Granodiorite and thus the older limit of the greenstone sequence 
becomes an important, and so far, unique control in establishing a 
time-scale within the Yilgarn Block.
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The petrographic descriptions of the samples used in this study 
have been provided by D. Dumey. He assisted in the collection of the 
samples for Rb-Sr dating and will be a co-author in a forthcoming 
paper.
11.2 GEOLOGY OF THE JONES CREEK AREA
The greenstones and metasediments of the Jones Creek area form 
part of a NNW-SSE trending belt which extends from Agnew to Wiluna 
within the Kalgoorlie Subprovince. The strata within this belt are 
generally steeply dipping and affected by greenschist, and in place 
amphibolite, facies regional metamorphism. They have been modified by 
varying degrees of tectonic deformation, and are transected by numerous 
quartz veins and by a NW-SE set of post-tectonic pegmatite dykes.
The geology of the Jones Creek area has been described in detail 
by Durney (1972) . The sequence of events and the rock types in the 
area are as detailed below and presented in Figure 11.1:
(1) A greenstone sequence of gabbro and basalt (called the Western 
greenstone) and a granitic body (formerly "Western granite", now 
Jones Creek Granodiorite) have been subjected to flexuring along 
a NE-SW axis. The exact relationship of the Jones Creek 
Granodiorite to the basic sequence is not known but it is believed 
that the granodiorite is intrusive into the greenstone.
(2) Erosion resulted in the deposition of the Jones Creek conglomerate 
on the granodiorite and Western greenstone. The conglomerate 
comprises rounded granodiorite clasts and locally rhyolite, 
basalt and gabbro pebbles. No clasts of sedimentary origin are 
found. The matrix is dominantly arkosic but grades to 
amphibolitic material upsection.
(3) The conglomerate is overlain by another greenstone (Eastern 
greenstone) and metasediments. The contact at Jones Creek
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although conformable, could have undergone some strike faulting. 
This sequence is composed of phyllite, black slate, jaspilite, 
sedimentary quartzite and basic and ultramafic intrusives and 
volcanics.
(4) The entire area was subjected to folding and faulting on NNW-SSE 
axes, regional metamorphism to greenschist facies and "local 
granitization" of the conglomerate. Granite (Eastern granite) 
was intruded into the Eastern greenstone prior to this. The 
deformation appears to increase towards the east; the Jones Creek 
Granodiorite shows slight deformation and the Eastern granite has 
a strong tectonic schistosity.
(5) Pegmatite dykes intruded the area after the orogenic activity was 
completed.
H .3 SAMPLING
Five samples of the Jones Creek Granodiorite were originally 
collected by Dr P.A. Arriens for regional studies (Arriens, 1971). When 
the significance of the unconformity was recognized sampling was carried 
out in greater detail.
Weathering usually presents sampling problems in the Archaean of 
Western Australia. In the body of the granodiorite itself, the problem 
was relatively minor and fresh samples devoid of any visible weathering 
effects were obtained when shear zones were avoided. Aplite veins were 
sampled from the granodiorite, and granite and aplite clasts from the 
conglomerate, but great difficulty was encountered in finding 
unweathered material. The aplite vein and cobble samples finally 
selected appeared to have a minimum of alteration but it was realized 
that the results of the analyses would have to be treated with caution. 
In contrast to these, the pegmatitic dykes were unweathered. The sample 
locations are shown in Figure 11.2.
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11.4 PETROGRAPHY
Samples from the main body have a relatively uniform mineralogy 
and mode, which supports the field evidence that this is a single 
granitic intrusion. All the specimens contain about 5% mafics (mostly 
biotite), just over 30% quartz and a balance of feldspars, with 
microcline to plagioclase ratios ranging from 1:3 up to about 1:1 in 
porphyritic specimens. The Jones Creek pluton is therefore termed a 
granodiorite. The grain size averages 1 to 2 mm but porphyritic 
microcline ranges from about 5 to 20 mm. The mineralogy of some of the 
samples is given in Table 11.1.
In outcrop the great majority of specimens show well-preserved 
igneous textures and a massive fabric. However, in thin section there 
is clear evidence of post-emplacement alteration and deformation in 
the granodiorite, aplite, and rare xenolith.
The primary igneous textures of the granodiorite and its boulders 
comprise euhedral to subhedral plagioclase and accessory minerals, 
interstitial to subequant microcline and quartz, and local symplectitic 
replacements of microcline by quartz or oligoclase. The plagioclase 
crystals are zoned, with distinct rounded saussurited cores, surrounded 
by clear rims of normal zoned oligoclase (An23 - An^) . Oligoclase 
also occurs as inclusions (sometimes with cores) and albite as 
exsolution lamellae, in the microcline.
Textures in the aplite and xenolith are similar to those of the 
granodiorite (suggesting related crystallization) but are finer grained 
(0.25 - 1.0 mm) and lacking in "phenocrysts". The xenolith sample 
(833), which was actually a schliere, shows a weak flow alignment of 
the plagioclase.
The pegmatites are variable in grain size and composition: sample
851 is notable for its clear acicular albite (An^ .) and fresh garnet and 
lepidolite.
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Superimposed on the typical igneous textures of the samples are 
a number of secondary features that are the result of the metamorphism 
and deformation in the area. These are distinguished as: early
alteration, principal metamorphic recrystallization and deformation, 
retrograde metajnorphic alteration, and post-metamorphic intracrystalline 
deformation. All the samples have been affected to varying degrees by 
all four processes, except for the pegmatite which shows only 
intracrystalline deformation. The pegmatite therefore postdates the 
chief tectonic event of the area, whereas the other rocks predate it.
(a) Early Alteration
The cloudy saussuritization of the plagioclase cores, seen in all 
thin sections, is independent of the amount of metamorphic 
recrystallization and locally has been modified by it. It is thus an 
early and probably deuteric feature. The alteration products are 
monocrystalline albite (An^ and inclusions of sericite and 
microcrystalline clinozoisite-epidote. Oligoclase and microcline are 
considerably less affected by the alteration.
Other features which seem to belong to an early stage of this 
process are the perthite exsolution, symplectite, development of 
porphyritic microcline, and minor muscovitization of biotite.
(b) Metamorphic Recrystallization
The process of strain-induced grain boundary development and 
adjustment —  recrystallization in response to lattice distortion —  
has modified the primary and early alteration textures. Table 11.2 
shows that this effect is related to the degree of deformation visible 
in the rock. It is most pronounced in the conglomerate and along the 
eastern margin of the granodiorite. The overall tendency is to reduce 
the grain size (increase the grain boundary area) and to disperse the 
mineral phases. It could be regarded as embryonic gneissic texture.
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The various minerals have responded in different ways and at 
different stages of development. The most obvious effect is 
polygonation*, the subdivision of a large grain into a number of small 
strain-free polygonal grains, seen particularly in the quartz and the 
plagioclase.
The ambient conditions during this process are indicated by the 
behaviour of biotite. In all the granodiorite specimens it shows some 
degree of polygonation, so the process probably took place under 
regional biotite-grade conditions. Since recrystallization is a 
thermally activated process, the metamorphic conditions allow it to take 
place, and also determine the grain size and mineralogy of the final 
product (Ehrlich et at, 1972). The degree of attainment of this 
product, or the "degree of recrystallization", however, depends on the 
deformation, which provides the driving energy for the process. This 
explains its patchy development at Jones Creek despite the apparently 
uniform P-T conditions.
(c) Retrograde Alteration
The biotite, both primary and secondary, shows various degrees of 
retrogression to chlorite without undergoing textural modification. 
Retrogression therefore occurred after the principal recrystallization 
event. Like the recrystallization, it tends to predominate in the 
eastern samples, perhaps because of continued activity after the earlier 
event, or because of a higher availability of H^O in the sediments.
Miere it is most advanced it is associated with sporadic carbonate 
replacements in plagioclase, and where it is weakest (within the body
•k
"Polygonation" is used here to describe the microscopically visible 
intracrystalline recrystallization or "granulation" texture which 
results from continued annealing and/or adjustment of "polygonization" 
structure (as distinct from simple grain growth annealing and 
so-called "cataclasis"); similar to textures in Hobbs (1968) and 
Kehlenbeck (1972).
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of the pluton) the chlorite is accompanied by some epidote and quartz- 
clinozoisite alteration of biotite.
Some cloudy alteration, in recrystallized plagioclase, also 
belongs to this event.
(d) Intracrystalline Strain
Albite twinning of plagioclase and undulöse extinction of quartz 
are often mutually associated (Table 11.2) and are both attributed to 
strain. They usually overprint both the deuteric and the 
recrystallization textures and appear to have developed mainly during 
the retrogressive phase. They also occur in the pegmatite, which 
signifies that some weak tectonic movements continued to take place 
long after the end of regional metamorphism.
A summary of the petrographic characteristics of some of the 
samples is set out in Tables 11.1 and 11.2.
11.5 CHEMISTRY
Table 11.3 presents major element analyses of 12 samples: nine
granodiorites, one xenolith and two granitic boulders. This data has 
been plotted on AFM and CaO-Na^O-K^O plots in Figure 11.3. The average 
of the rock types of Nockolds (1954) and the average metabasalt of the 
Kalgoorlie Subprovince (Hallberg, 1970) have also been plotted for 
comparison. The AFM plot shows that the granodiorite samples are 
enriched in alkalies while the CaO-Na^O-K^O plot shows that Na^O is 
high in these rocks relative to the average of Nockolds (1954) . The 
pluton might be termed a sodic granite but granodiorite appears 
appropriate from the mineralogy. In the CaO-Na^O-K^O plot the rocks 
show the closest similarity to an adamellite or granodiorite.
One of the granitic boulders is indistinguishable from the 
granodiorite while the other is more siliceous and could be considered
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to be an aplite. No chemical analyses were made of the aplites so it 
is not known if they are even more siliceous in nature.
11•6 kb-Sr ISOTOPIC RESULTS
11.6.1 Granodiorite Total Rock Samples
Table 11.4 lists all the Rb-Sr data for the Jones Creek samples.
Figure 11.4 displays an isochron for the total rock granodiorite data
and the two granitic boulders from the conglomerate. A good isochron
is obviously defined and it is fortunate that the range in Rb/Sr in
the granodiorite is so large. Regression analysis of the data,
presented in Table 11.5, indicates that there is a slight scatter beyond
experimental error alone. This scatter can be traced to the inclusion
of the two boulder samples and sample 541, two of which show evidence
of weathering (iron-staining around biotite). If these three samples
are excluded, the fit of the remaining 21 points is within experimental
87 86error, and gives an age of 2689 ± 17 my and initial Sr/ Sr of 
0.70149 + 15. The inclusion of the three discarded points makes no 
significant change in the estimate of age but it decreases the precision, 
as shown in Table 11.5.
Since xenoliths have been found in this intrusion and the samples
are from locations up to 20 km apart, consideration must be given to
the problems that arose in the Rb-Sr analysis of the contaminated
granites from the Murrumbidgee Batholith. The age recorded, despite
its precision, may not represent the intrusive age of the granodiorite.
Comparison of the sample locations and the Rb/Sr values indicates that
there is no regional variation of Rb/Sr. The six samples from the
87 86northern part of the intrusion (the "GA” samples and 831) have Rb/ Sr 
values from .5 to 1.3 while the southern samples (excluding the 
xenolith) range from .4 to 1.7 (Table 11.4). The excellent fit to a
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single regression line indicates that these samples have the same age 
and the same initial ^Sr/^Sr.
Analyses of plagioclase separates (given below) indicate that 
this mineral is located on the isochron and thus an age older than 
the intrusive age lias not been preserved by these samples. The age of 
2689 ± 17 my is thus considered to represent the intrusive age of the 
Jones Creek Granodiorite.
11.6.2 Pegmatites
The pegmatite dykes of the area are post-tectonic intrusives and 
therefore place a younger limit on the time of regional metamorphism 
and deformation. Pegmatite sample 852 with variable composition was 
divided into A and B fractions to obtain a two-point isochron. It has 
an age of 2514 ± 26 my with a high initial ratio of .7253 + 2 (Figure 
11.5). Sample 851 is very enriched in radiogenic strontium and is 
independent of the initial ratio. Its age is 2557 ± 26 my, not 
significantly different from sample 852. The pooled age of the 
pegmatites is 2535 ± 1 8  my.
11.6.3 Minerals
Data for mineral separates from the granodiorite put further
constraints on the time of metamorphism. The biotite ages are
87 86independent of the initial Sr/ Sr and are presented in Table 11.6. 
The variation in their ages from 2520 to 2655 my can be attributed 
almost wholly to the presence of chlorite impurities. An examination 
of sample 837 (Table 11.6) shows that the biotite age decreases with 
increasing chlorite impurity. As noted by Brooks (1966) chlorite tends 
to be best developed in the most deformed rocks but in this case 
relates to the time of late tectonic retrogression which the pegmatite 
dykes indicate must have taken place by 2535 ± 18 my. The very young 
age of 1990 my for a chlorite concentrate, however, indicates that the 
mineral must continue to develop over an extended period of time or
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TABLE 11.6
Biotite Ages of the Jones Creek Granodiorite
Sample
No.
%
Chlorite
Age (my)
(2a errors = ± 26 my)
833-1 (Xenolith) 3 2655
833-2 3 2654
834 <1 2623
835 <1 2623
67 6 2607
837 A 10 2520
B 1 2620
(Chlorite) C 90 1990
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that it easily loses radiogenic strontium.
The remaining biotite separates with less than 1% chlorite 
indicate a pooled age of 2622 ± 15 my. Biotite from basic xenolith 
833 indicates an older age (2655 my) despite its higher chlorite 
content.
Biotite is a sensitive temperature indicator (Hart, 1964; Hanson 
and Gast, 1967) and does not become a closed Rb-Sr system until about 
250°C. As greenschist metamorphism reaches temperatures of 400 - 420°C 
(Winkler, 1967) the biotite must be recording the end stages of the 
metamorphism in the region. This metamorphism certainly ended by 2620 
my and probably by 2655 my.
Data for the plagioclase and microcline separates are presented
in Figure 11.5. The microclines are always below the total rock line
while the plagioclases, in contrast to the usual situation, lie on the
total rock line. If the plagioclase samples are included in the total
87 86rock regression the age and initial Sr/ Sr change slightly (Table 
11.5) and the MSWD increases, but not significantly, to 1.68. The 
increase in MSWD may be the result of using a non-representative 
plagioclase sample (see Section 9.3.4). In other studies (Brooks, 1966; 
Arriens et al3 1966) plagioclase lies above the total rock line and the 
results were interpreted as indicating that possibly a later mild 
tectonic event expelled radiogenic strontium from the microcline which 
was simultaneously and quantitatively taken up by the plagioclase. In 
the present case the location of the plagioclase data on the total rock 
line indicates that the mineral has remained chemically closed since 
the crystallization of the magma. This result agrees with the 
petrographic observation that the plagioclase was generally not 
"completely" recrystallized and has retained its alteration minerals. 
The rims retain their original composition and no apparent exchange has
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taken place with surrounding minerals despite the polygonation of many 
of the grains along their boundaries. These small secondary grains 
have probably been eliminated from the plagioclase separates during 
crushing and mineral separation. Only the discrete unpolygonated 
plagioclase grains have been analysed. Thus the alteration processes 
which affected this mineral are the result of a chemical redistribution 
confined within the plagioclase grains.
Maximum estimates for the time of loss of radiogenic strontium 
from the microcline in the Jones Creek granodiorite are given by 
calculating their "model" ages from the datum of the total rock initial 
^Sr/^Sr (Arriens et al3 1966) . The ages are 2575 ± 30 and 2611 ± 50 
my which lie acceptably between the biotite age and the younger limit 
for deformation defined by the pegmatite at 2535 ± 18 my.
The radiogenic strontium lost from the biotite and microcline 
during the later metamorphism and deformation has not been taken up 
by the discrete plagioclase grains. The isotope presumably resides 
in very mobile sites, probably grain boundaries, which are not accounted 
for in the analyses of mineral separates. An examination of these 
mobile sites was made on sample 837. The total rock powder was leached 
in cold 0.2 normal HC1 for 20 minutes. Analysis of the dissolved 
material shows it to be enriched in radiogenic strontium plotting well 
above the total rock isochron (Figure 11.4). The concentration 
(expressed in ppm of total sample leached) of rubidium and strontium 
represent 4% and 3% respectively of these elements in the rock. Thus, in 
addition to radiogenic strontium a significant amount of rubidium and 
common strontium are also located in very mobile sites in the rock. Very 
minor carbonate has been observed in some thin sections and this phase 
could also be a location for the missing elements. This mobility of 
rubidium and common strontium in addition to radiogenic strontium was 
noted by Brooks (1968) where he documented the loss of these elements
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from K-fcldspar and their uptake by plagioclase. In this case they 
have not been taken up by plagioclase and is a similar situation to 
that observed on the Kambalda Sodic Granite minerals.
11.6.4 Aplites
Figure 11.5 presents the data for the aplite veins cutting the 
granodiorite and aplite cobbles from the conglomerate. Some aplite 
veins are observed to cut both the granodiorite and the conglomerate.
The veins sampled cut the granodiorite but it is not known if they also 
cut the conglomerate. The samples are slightly weathered but it was 
hoped that they could possibly still be closed systems on a scale of 
a large hand specimen. The most significant feature of the aplite 
data is that the results from the cobbles and the veins are not 
colinear with each other or with the granodiorite isochron.
The two aplite cobbles in the conglomerate have little dispersion 
compared with the aplite veins in the granodiorite, and a precise 
isochron age cannot be given. An older age limit of 2620 ± 20 my can 
be estimated by assuming that the samples had the same initial 
^Sr/^Sr as the granodiorite.
The three vein samples have an isochron age of 2564 ± 50 my with 
87 8 Aan initial Sr/ Sr of .7008 + 15 and fit to within experimental error.
A more precise older age limit of 2540 ± 12 my is indicated if these
87 86veins are assumed to also have the same initial Sr/ Sr as the 
granodiorite.
The age of 2620 my is certainly too young for the aplite cobbles. 
The biotites have indicated that the metamorphism in the area was over 
by at least 2620 my. While the age of 2540 ± 12 my for the aplite 
veins is greater than the younger limit set by the pegmatites at 2535 
± 18 my, the petrographic features of at least one of these samples 
(846, see Table 11.2), indicate that these veins were probably intruded 
either before or during the peak of metamorphism and deformation in the
285
area. If the inicrocline ages of 2590 ± 18 my are considered to 
represent the end of major deformation then the ages for the aplitc 
veins are also too young.
Studies by Bottino and Fullagar (1968) and Dasch (1969) have 
shown that slight weathering of granitic rocks causes a scatter of 
data points around the original isochron and more intense weathering 
causes an increase in the Rb/Sr ratio while the strontium isotopic 
composition remains unchanged. Therefore the isochron age decreases.
The aplites may have been affected in this way. This would explain why 
the ages of both the aplite veins and cobbles appear to be 
significantly younger than expected if they are cogenetic with the 
granodiorite.
11.7 CONCLUSIONS
Despite the effects of regional metamorphism and deformation, 
total rock samples of the Jones Creek Granodiorite have remained 
chemically closed to the movement of rubidium and strontium isotopes.
The total rock data for 21 samples show that the granodiorite was
o y o £
emplaced at 2689 ± 17 my with a uniform initial Sr/ Sr ratio of 
.70149 + 15.
The ages of some of the minerals from the granodiorite have been 
reset by later tectonic and metamorphic events. The biotite ages 
represent the cooling of a later thermal event that was completed 
certainly by 2622 ± 15 my and probably by 2655 ± 26 my. Chlorite, 
developed from the retrogression of biotite, as the result of the waning 
metamorphism and minor deformation, has not remained a closed system 
but appears to have lost radiogenic strontium over an extended period 
of time. Pooled microcline ages indicate that the retrogression could 
have continued until approximately 2590 ± 18 my while pegmatite dykes
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place a lower limit of 2535 ± 18 my on this retrogression. The 
plagioclase in the granodiorite has remained a closed system since the 
time of emplacement of the granodiorite, in agreement with petrographic 
predictions.
At least one cobble from the conglomerate probably has originated 
from the underlying granodiorite but recent weathering effects have 
modified the Rb-Sr systems.
Aplite veins cutting the Jones Creek Granodiorite and aplite 
cobbles in the conglomerate also appear to have been subjected to recent 
weathering effects that have affected the Rb-Sr system.
The precise age of 2689 ± 17 my for the granodiorite places an 
older limit on the conglomerate-upper greenstone sequence at Jones 
Creek. A younger limit to the age of the sequence is set by the age 
of the metamorphism and deformation which has affected the entire area. 
The biotite ages indicate that the thermal effects of the metamorphism 
had ended by 2622 ± 15 my, while the deformation continued until 2590 
± 18 my (microcline ages). This deformation was certainly over by the 
time of pegmatite dyke emplacement (2535 ± 18 my). Thus the conglomerate 
and upper greenstone were deposited at least in the interval 2690 to 
2622 my and probably over a shorter period.
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CHAPTER 12
REGIONAL IMPLICATIONS OP THE ISOTOPIC DATA
12.1 INTRODUCTION
This chapter relates the ages determined for the Kambalda and 
Jones Creek areas to the regional geology and geochemistry of the 
Archaean of Western Australia.
12.2 TIME RELATIONSHIPS IN THE ARCHAEAN OF WESTERN AUSTRALIA
Early studies of the Yilgarn Block of Western Australia (Wilson, 
1958) and even recent summaries (Glikson and Lambert, 1973) have 
dealt with the evolution of the Archaean of Western Australia by 
broadly dividing the rocks into mafic volcanics with their associated 
metasediments (the greenstones of the Kalgoorlie System) and intrusive 
granitic rocks and granite gneisses. Mapping by the Geological Survey 
of Western Australia, however, has shown that significant differences 
in the geology exist between regions of the Yilgarn Block (Gee, 1974), 
and thus more detailed divisions can be made. The Southwestern 
Province contains sandy, silty and possibly calcareous metasedimentary 
rocks suggestive of a continental sedimentary regime while the 
Murchison and Eastern Goldfields Provinces are dominantly composed of 
volcanogenic rocks intruded by granitic plutons. Even within the 
Eastern Goldfields Province, there are variations in the volcanic 
sequences not defined in the former studies. Hallberg (1970) has shown 
that there are no differentiation trends in the tholeiitic metabasalts 
throughout the three volcanic cycles recognized in the Kalgoorlie- 
Norseman area (Williams, 1969). These monotonous sequences of mafic 
rocks within the Kalgoorlie Subprovince contrast with the continuous 
differentiation sequences seen in the adjacent subprovinces to the east
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and west. They also contrast with the evolutionary trends seen in 
other Archaean Shield areas. Williams (1973) has suggested that these 
undifferentiated mafic sequences and other distinctive features 
(outlined in Section 7.2) indicate that a rift structure has developed 
within older Archaean crust. Alternative interpretations based on 
island-arc evolution have been proposed (White et al3 1971) but they 
do not seem to account for the continuous extrusion of tholeiitic 
basalts over several volcanic cycles. The island-arc analogy might 
more appropriately apply to the adjacent subprovinces. The evolution 
of the Kalgoorlie Subprovince must therefore be considered as possibly 
different from the surrounding terrains.
Many of the features described by Williams (see Section 7.2) 
within the Kalgoorlie Subprovince and his proposal for the development 
of a rift zone closely match the "proto-oceanic rift system" proposed 
by Windley (1973). The development of the Red Sea Basin within a 
continental environment has been used by Windley as a possible present 
day example of the early stages in the evolution of an Archaean 
greenstone belt. In the case of the Kalgoorlie Subprovince this belt 
may represent a region of the crust that was created and evolved after 
major fracturing of an older nucleus represented by the Laverton 
Subprovince on the east and the Southern Cross Subprovince, Murchison 
and Southwestern Provinces on the west (Figures 7.1, 7.2). The crust 
would be initially oceanic but would quickly accumulate clastic 
sediments from the marginal areas on the east and west. Tholeiitic 
volcanism appears to have continued over several cycles.
Granitic and gneissic remnants of the older crustal segments may 
have been left within the rift structure as Windley suggests and would 
provide a source for the later plutons intrusive into the greenstone 
sequence. Alternatively the granitic rocks may have evolved from partial 
melting of the lower portions of the new oceanic crust (Glikson, 1971a).
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In the second case, the high-grade terrain within the Southwestern 
Province would not be the exposed equivalent of the coeval crustal 
roots of the Kalgoorlie Subprovince as suggested by Glikson and 
Lambert (1973).
A new crustal segment in the Kalgoorlie Subprovince must be 
younger than the fractured nucleus. There are no isotopic 
determinations available from the Laverton Subprovince and only one 
area of granite outcrop has been dated from the Southern Cross 
Subprovince. This granite, at Moorine Rock (near Southern Cross,
o n  o s
Figure 7.2), has an age of 2590 ± 60 my and a high initial Sr/ Sr 
of .716 + 10 (Arriens, 1971). It is probably remobilized crustal 
material. Further west, in the Southwestern and Murchison Provinces, 
dating has been more extensive. Generally the (intrusive) granitic 
rocks have ages between 2600 - 2700 my while some gneisses have been 
dated at about 2700 - 2900 my (Arriens, 1971). Most of the data are 
not precise because of regional sampling, probably of different plutonic 
units. Older ages, possibly up to 3100 my are not found until near the 
western margin of the Yilgarn Block, east of Perth. These are from 
gneissic exposures (Arriens, 1971).
If the ages range from 2600 - 2900 my in the older crustal units, 
then it would be expected that the Kalgoorlie Subprovince might have 
a maximum age of 2800 - 2900 my. As most of the younger granite ages 
within the subprovince have a lower age limit of about 2600 my then 
it might be considered that the development of the crust has extended 
over a range of about 200 - 300 my. During this time granitic plutonism 
apparently has continued in the western areas at least to 2600 my.
Within this interval of 200 - 300 my, three volcanic cycles have 
apparently developed in the Kalgoorlie area. If there have been no 
long term breaks (represented by unconformities) then a volcanic cycle
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may be developed in 50 - 100 my. Williams (1973) considers the 
formation of banded iron sequences and chert horizons represent 
periods of quiescence between phases of volcanic activity, and he 
interpreted the poor development, of these sediments within the 
Kalgoorlie Subprovince as indicating that volcanic activity may have 
been nearly continuous throughout the volcanic cycles. Only 
unconformities could provide a significant break in the sequence. The 
isotopic dating within the Kalgoorlie Subprovince, given previously, 
suggest that the unconformities may not represent long periods of time. 
For example, Durney (1973), in a reply to some regional correlations 
of Glikson (1973) has pointed out that on the basis of the 
lithological characteristics of the Eastern and Western Greenstones 
at Jones Creek, the unconformity is more likely to correlate with 
unconformities in the early volcanic cyles near Kalgoorlie. The 
unconformity at Jones Creek existed only for a relatively short period 
of time, as the granodiorite was intruded at 2689 ± 17 my and 
metamorphism of the granodiorite and the overlying conglomerate and 
upper greenstone sequence was completed by at least 2625 my and possibly 
as early as 2655 my (Section 11.7). Thus uplift, erosion, burial 
and metamorphism of the entire area has taken no more than 65 my and 
possibly less than 35 my. The unconformity is therefore of a short 
term nature relative to the time intervals considered for the Archaean. 
The unconformities near Kalgoorlie may be of a similar duration.
Evolution of the rocks at Kambalda may also have taken place 
over a short time interval. The metabasalts at Kambalda could be as 
old as 3000 my but the lead isotopic relationships between the sulphide 
ore and metabasalts suggest they were emplaced at 2700 ± 115 my. The 
sodic granite has a Pb-Pb age indistinguishable from the metabasalts 
at 2760 ± 70 my (Oversby, 1974b) while the majority of felsic 
porphyries are 2630 ± 45 my old. The felsic porphyries may be the
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intrusive equivalent of the typical felsic volcanics exposed in 
other areas of the Kalgoorlie Subprovince. If so, they represent the 
end stages of a single volcanic cycle that may be as short as 75 my.
Mapping by the Geological Survey of Western Australia indicates 
that sodic granite may be an early phase of igneous activity (Gee,
1974). Glikson and Sheraton (1972), in their model of Archaean 
evolution, have emphasized the importance of the evolutionary trend 
shown by the granitic rocks that are emplaced into the greenstone 
succession. The earliest granites (pregeosynclinal) are considered 
to be trondhjemitic and tonalitic in composition and derived from the 
partial melting of eclogite or amphibolite. Syngeosynclinal sodic 
porphyries, also derived from eclogite are emplaced at about the same 
time as the greenstone belts while late-kinematic granites ("typically 
K-normal") are intruded during or after the waning stages of 
metamorphism and are derived through anatexis of earlier sodic 
granites. In support of this evolutionary trend, Glikson and Sheraton 
have related high sodium and high Na/K ratios of pebbles from the 
Kurrawang Conglomerate to early (3000 - 3100 my) sodic granites while 
the later granites associated with greenstone belts have lower sodium, 
and the "K-normal" granites are emplaced at about 2600 my, after the 
major evolution of the greenstone belts.
Within the Kalgoorlie Subprovince a number of granitic extrusions 
have been recently precisely dated. Oversby (1974b) has provided 
major element chemistry on each of the granites dated. Considering 
these granites and the Jones Creek Granodiorite (Chapter 11) there 
appears to be a slight positive correlation of Na/K with increasing 
age. The significant feature of the data is that there is a remarkably 
small range in age for the plutons (2630 - 2760 my) with most of them 
having the same age within error limits. The sodium and potassium 
concentrations of these intrusions cover the range of the two later
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granitic stages of evolution proposed by Glikson and Sheraton. Only 
the pregeosynclinal granites appear to have very high sodium and low 
potassium values. These are represented by the pebbles dated by 
Compston and Turek (1973) at a maximum of 2885 ± 160 my but considered 
on a more conservative estimate to be simply older than 2670 my.
The sodic porphyry and granite pebbles dated were collected from 
within the Kurrawang Beds, now established as at the top of the third 
volcanic cycle (Gemüts and Theron, 1973). It is surprising that one 
of the presumed oldest granites should provide such an abundance of 
pebbles to one of the youngest conglomerates and yet apparently not be 
exposed. Glikson (1971b) has noted that the most abundant pebbles are 
sodic porphyries while the sodic granites and gneisses are a lesser 
fraction of the pebbles in the conglomerate. Both the porphyries 
and the granites are considered to relate to the same phase of igneous 
activity (Glikson, 1968). It may be that these pebbles, instead of 
being derived from a large pluton, represent an intrusive phase of 
one of the acid volcanic cycles in the region. Chemically they appear 
to be different from any of the plutonic rocks yet analyzed but not 
significantly older. Alternatively, Glikson could be correct and 
the pebbles may represent an early phase of igneous activity. In the 
latter case the maximum age of the pebbles is in reasonable agreement 
with the older estimate made previously of 2800 - 2900 my for the 
Kalgoorlie Subprovince.
Oversby (1974b) has presented arguments based on the initial lead 
isotopic composition of granitic plutons that much older sialic crust 
existed prior to the presently exposed terrain at least in the 
Norseman area. The granitic rocks are believed to be derived from 
material that has gone through several crustal processes such as erosion 
to form sediments, metamorphism and melting. If the interpretation of 
Oversby is correct, then small portions of the older crust have been
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retained within the proposed Kalgoorlie rift zone and at least some 
of the granitic rocks of the area could be anatectic melts of this 
older crust. The lead isotopic data would then indicate that this 
older crust is at least 3300 my old.
Another point of view can be taken by considering the ages of 
the presently exposed crust. No reliable age determinations greater 
than about 2800 my have been found within the Kalgoorlie Subprovince 
and to the west, most ages in the Southwestern Province are not greater 
than about 2900 my. Only on the western margin of the Yilgarn Block 
are older ages possibly up to 3100 my found. It could be that all 
record of older crustal material has been reworked or that it simply 
has not been dated yet. It is possible that the basement to the 
Kalgoorlie Subprovince is represented by the granulites in the 
Southwestern Province, as suggested by Glikson and Lambert (1973).
The ages, however, do not extend to at least 3300 my in the granulite 
terrain as Oversby requires. Possibly this granulite terrain is also 
derived from much older rocks.
Despite these problems with interpretations of the data on 
granitic rocks, it seems that the greenstone belts in the Kalgoorlie 
Subprovince were created in the interval 2900 - 2600 my through a 
series of volcanic cycles lasting 50 - 100 my. This range of up to 
100 my for a volcanic cycle appears to be of a similar length of time 
to the development in other Archaean terrains. Green and Baadsgaard
(1971) consider that the development of a new crustal segment near 
Yellowknife, N.W.T., Ganada took place as a single tectonic event 
approximately 75 my in duration (from 2650 to 2575 my). Peterman et al
(1972) and Goldich et al (1972) consider that in the Rainy Lake area 
of Ontario and Minnesota, major sedimentation, magmatic activity, 
folding and metamorphism have taken place over the short interval of 
about 50 my (from 2750 to 2700 my). The time interval required for the
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development of the greenstone belts of South Africa is as yet 
undefined; all that is known is that they are > 3300 my old 
(Anhaeusser, 1973). It may be that their formation has taken a 
relatively short time as inferred in other Archaean belts. The major 
difference between the South African area and the other Archaean 
belts is that plutonism continued for up to 800 my. This may be 
related to the fact that this terrain is much older than the younger 
2600 - 2700 my belts and the crust was in a less stable state.
12.3 METAMORPHISM
Metamorphism in the Kalgoorlie Subprovince, as indicated by the 
greenstone belts, appears to be of a low-grade greenschist facies with 
minor amphibolite facies. The geochronological information now 
available suggests that the metamorphism may have terminated at about 
2600 my throughout most of the subprovince. Thus at Jones Creek, the 
biotite ages indicate that the metamorphism had indeed ended by 2620 
my and possibly as early as 2655 my. At Kambalda, biotite ages from 
a number of different units have ages in good agreement at about 2610 
my. Glikson (1971c.) considers that the Mungari Granite, west of 
Kalgoorlie, is a post-metamorphic intrusive, and Compston and Turek 
(1973) have determined a Rb-Sr age of 2620 ± 20 my for this granite. 
The age is in good agreement with the Pb-Pb age of 2640 ± 35 my 
determined by Oversby (1974b). Thus it can be concluded that the 
metamorphism in the subprovince had ended by about 2600 my, on the 
basis of the three above areas.
In Chapter 10 it was suggested that the peak of metamorphism 
could be related to the metasomatic ages of about 2670 my both at 
Kambalda and Kalgoorlie. A similar age for the slightly altered 
Woolyeenyer Group basalts at Norseman has been determined (Turek, 1966 
and Compston, pers. comm.). At Jones Creek the peak of metamorphism
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can be definitely established as being post-deposition of the upper 
greenstone sequences and conglomerate. As the granite is older than 
the conglomerate the peak of metamorphism must be later than 2689 ± 17 
my. Thus, in this region also, the main event has taken place between 
2620 and 2690 my. Therefore it appears that the major metamorphic 
event throughout the Kalgoorlie Subprovince took place in the interval 
2600 - 2700 my and possibly in the more restricted interval 2610 - 
2680 my.
The uniform low-grade metamorphism also has important implications 
for the evolution of the region. Archaean greenstone belts, 
throughout the world, appear to be characterized by tremendous 
accumulations of volcanic and sedimentary rocks. Some of the greatest 
thicknesses are apparently found in Western Australia. For example, 
the succession between Coolgardie and Kurrawang (west of Kalgoorlie) 
has 20,000 metres of metasediments and mafic-ultramafic rocks 
(Glikson, 1971). McCall (1970) considers that the area west of Kambalda 
may have in excess of 30,000 metres of greenstones exposed. At 
Norseman, Hallberg (1970) has estimated that 12,000 metres of 
greenstones, 9,000 of which are mafic volcanics, are exposed. All 
these thick successions appear to be uniformly metamorphosed to 
greenschist. facies.
If these thick successions are compared with recent metasediments 
from oceanic trench environments, it is apparent that the grade of 
metamorphism is exceptionally low for at least the basal portions of 
the greenstone belts. For instance, the above thicknesses imply that 
the Kurrawang sequence has basal metabasalts that have been buried to 
a depth of 20 km. Räheim and Green (1974) have shown that under normal 
present day geothermal gradients, these basalts would be converted to 
eclogites at about 15 km depth. If the geothermal gradient were even 
higher in the Archaean, as is believed, then the basal sections would
be in the granulite field of metamorphism. Some record of this should 
be seen in the rocks. One is forced to conclude that the successions 
have been overestimated (by a factor of at least 2) or that the 
tectonic evolution of the Archaean was very different to that of the 
present-day island-arcs.
If the sections are correct, it would seem that extremely rapid 
accumulation of volcanics and sediments and equally rapid uplift of the 
basinal deposit would be required to permit low temperatures to be 
sustained at the bottom of a thick pile. This is rather conjectural 
but does imply that the evolution of the volcanic-volcanoclastic cycles 
are of a short term nature.
In contrast to these low-grade greenstones, amphibolite and 
granulite facies rocks are exposed in the Southwestern Province.
Wilson (1971) has shown that at least some of the granulites appear to 
be the metamorphic equivalents of the greenstone belts but with higher 
proportions of clastic metasediments within them (Gee, 1974). No 
thicknesses have been estimated for these sequences but the granulite 
mineralogy requires that they have been subjected to a high temperature 
regime.
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12.4 SUMMARY
Mapping and geochemistry show that the evolution of the Kalgoorlie 
Subprovince is distinctly different to that of the surrounding Archaean 
terrains and could possibly have resulted from rifting of an older 
nucleus to form a portion of oceanic crust. The present isotopic 
study shows that the accumulation of volcanic-volcanoclastic sequences 
probably took place over the interval 2800 - 2600 my in a series of 
volcanic cycles. The length of a cycle is still poorly defined but 
probably ranges from 50 - 100 my. This range of 100 my or less for 
a single volcanic cycle appears to be in good agreement with the
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development of greenstone-granite terrains from other Archaean areas.
Lead isotopic data indicates that small portions of a much 
older granitic crust may have been retained within parts of the 
Kalgoorlie Subprovince during the proposed rifting.
Greenschist metamorphism in the Kalgoorlie Subprovince has 
probably extended over the period 2600 - 2700 my.
PART III
RESPONSES OF STRONTIUM ISOTOPES
TO CRUSTAL PROCESSES
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CHAPTER 13
RESPONSES OF STRONTIUM ISOTOPES TO CRUSTAL PROCESSES
13.1 INTRODUCTION
This chapter discusses the strontium isotopic equilibrium model 
developed in Chapter 6 and relates it to other studies in this work 
and in the literature. Its relevance to both igneous and metamorphic 
processes is discussed and the limitations on its application are 
pointed out.
13.2 EQUILIBRATION DURING MAGMATIC PROCESSES
The isotopic study of the Murrumbidgee Batholith has shown that 
the Rb-Sr system can be resistant to the effects of magmatic processes. 
Older sedimentary ages might be preserved even after partial melting 
of a sediment and its intrusion along with the residual material, into 
higher levels in the crust. Under this form of generation, the Rb/Sr 
within restricted regions of the magma has remained unchanged from 
the source sediment value. The dispersion of the Rb/Sr is an 
important indicator of the response of the strontium isotopic system 
to the process of magmatic generation of the granitic rocks. Analyses 
of the results for the different intrusions in the Murrumbidgee 
Batholith have indicated a model of isotopic equilibration that has 
been outlined in Chapter 6. In general, it appears that rocks with 
wide Rb/Sr dispersion will tend to preserve their original strontium 
isotopic characteristics while small Rb/Sr dispersion rocks will be 
easily reset by later thermal effects.
The model has one significant restriction —  that the Rb/Sr of 
the source materials have not changed during the generation and 
emplacement of the magma. In the hypothesis proposed for the generation
300
of the Shannons Flat Leucogranites from the adamellites (Section 5.3.5), 
a differentiation process that significantly changed the Rb/Sr of the 
rock was in operation. Hie Rb/Sr of the leucogranites was increased 
while the other end member, the volcanics, had a decrease in Rb/Sr 
relative to the adamellite from which they are believed to be derived. 
The differentiation process appears to have successfully reset the 
Rb-Sr system and the intrusive age of the leucogranites and volcanics 
has been recorded. Clearly the model does not apply to this situation. 
Overall, however, the results from the Murrumbidgee Batholith indicate 
that at least for granitic rocks generated in the crust, chemical 
fractionation processes during magmatism may be limited. Granitic 
rocks generated in a crustal environment are probably never complete 
melts (Wyllie, 1971) and the separation of a partial melt leaving 
a residual refractory phase may not take place. The presence of 
xenoliths throughout a pluton may be a useful tracer for this type of 
melting relation and the preservation of the pre-magmatic Rb/Sr in the 
rocks.
The model of strontium isotopic equilibrium may be reasonably 
applied to the Jones Creek Granodiorite. The samples have a relatively 
wide Rb/Sr dispersion and the occasional xenolith has been observed in 
the intrusion. It might be expected to retain a pre-intrusion age but 
it was concluded that the age recorded was the time of intrusion and 
crystallization of the pluton. The plagioclase separates were on the 
total rock isochron giving added confidence to this interpretation.
This is in contrast to the Murrumbidgee granites and implies that 
chemical fractionation in the source of the Jones Creek Granodiorite 
caused a change in the Rb/Sr and also equilibration of the strontium 
isotopes. This may be the case, but close comparison of the Rb/Sr and 
isotopic characteristics with that of the Murrumbidgee Batholith 
indicate that the original Rb/Sr of the source of the granites could
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have been preserved.
It was noted that within the Jones Creek Granodiorite the Rb/Sr 
dispersion was not on a regional scale but that most of the dispersion 
of Rb/Sr in the intrusion could be found within small areas of 
outcrop. Certainly if strontium isotopic re-equilibration within the 
granodiorite magma has taken place on the scale of these outcrops, 
then the Rb-Sr system would be reset at the time of crystallization 
of the intrusion. Equilibration of strontium isotopes over a large 
intrusion could be invoked but in fact equilibration is only necessary 
on the scale of an outcrop.
In contrast to this situation, a different pattern is observed 
in the Murrumbidgee Batholith. Joyce (1970) demonstrated that the 
outcrop variance for the major and trace elements analyzed was very 
small for the Shannons Flat Adamellite when compared with the total 
variance of the intrusion. The Rb/Sr showed the same variance pattern. 
In effect, the major dispersion of Rb/Sr is on a scale much larger 
than an outcrop and only equilibration on this scale within the 
granitic magma could reset the strontium isotopes to a uniform value.
The end result has been that equilibration, probably on the outcrop 
scale, has resulted in the resetting of the Rb-Sr system only in 
regions of the intrusion with restricted Rb/Sr values. Thus the en 
echelon nature of the isochrons for the Shannons Flat Adamellite 
(Figure 4.1) are produced. If the same variance pattern extends to 
the contaminated intrusions of the Murrumbidgee Batholith, wider Rb/Sr 
dispersion on the total intrusion scale but not on the outcrop scale 
would make re-equilibration difficult; thus the older age is preserved.
The above interpretations suggest a refinement of the model 
outlined in Chapter 6. Wide Rb/Sr dispersion does not necessarily 
imply that the Rb-Sr system will be resistant to updating. The style 
of the dispersion of Rb/Sr must also be considered. Rock bodies with
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their range of Rb/Sr existing on a local scale may be reset to a 
uniform strontium isotopic composition during magmatic process while 
rock bodies with the Rb/Sr dispersion only existing on a regional 
scale probably will not have their strontium isotopes reset. It is 
apparent that sampling both on an outcrop scale and a regional scale 
is necessary to establish the exact conditions involved.
The above conclusions on the relations of Rb/Sr to equilibration 
of strontium isotopes .are valid in rocks that have not changed their 
Rb/Sr on melting even if this situation has not taken place within 
the Jones Creek Granodiorite.
1.3.3 EQUILIBRATION DURING MET AMORPHIC PROCESSES
The potential resistance of the Rb-Sr total rock system to 
homogenization of strontium isotopes even during magmatic processes 
suggests that metamorphic rocks may be even more difficult to 
equilibrate isotopically. This has certainly been demonstrated in a 
number of cases. A study of the Baltimore Gneiss (Wetherill et 
1968) has shown that an amphibolite-grade metamorphism recorded by 
mineral isochrons has not affected the total rock systems. This sort 
of closed system total rock behaviour necessarily requires that the 
Rb/Sr within the rocks has not changed. Heier (1973) has reviewed 
the literature and considers that apart from the loss of volatiles 
there do not appear to be significant changes in the bulk chemistry 
of rocks from regionally metamorphosed terrains until the onset of 
intermediate granulite facies metamorphism. This interpretation was 
also considered valid for the Rb/Sr of the metamorphosed rocks.
If the Rb/Sr remains unchanged during a wide range of metamorphic 
grades, then the model of strontium isotopic equilibration outlined 
above may be applied to the interpretation of Rb-Sr isotopic results 
in metamorphic terrains.
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The importance of this ability to consider the equilibration of 
a rock body in terms of the Rb/Sr dispersion may be seen by considering 
the interpretations often applied to Rb-Sr data in metamorphic 
terrains. Previous work has often considered that high grade 
metamorphism can effectively homogenize strontium over a large volume 
of rock. According to the model proposed here two possibilities exist. 
One, equilibration is not required on a regional scale, but only on 
a scale representing the range in Rb/Sr throughout the body; two, 
equilibration may not have taken place if the volumes of rock 
representing the range in Rb/Sr is larger than the scale of equilibration. 
In the second case the interpretation of the metamorphism resetting the 
total rock system would be incorrect —  a pre-metamorphic age is 
preserved by the total rock system.
An example of the second case has recently been recognized from 
the Grenville Province of the Canadian Shield. Employing a technique 
of using thin slabs of rock as individual specimens, Krogh and Davis 
(1973) have been able to resolve two Rb-Sr ages within bands of 
paragneiss from the French River area. Related zircon studies 
indicate that the older 1800 my age is probably the time of sedimentation 
while the younger 1000 my event is the time of intense regional 
metamorphism. This solution is in contrast to an earlier interpretation 
(Krogh and Davis, 1970) in which the older age was considered to be the 
time of metamorphism and the younger age a minor recrystallization 
event. The major effects of the metamorphism on the Rb-Sr system have 
resulted from the diffusion of rubidium and strontium at the contact 
zones between bands of different composition, in response to element 
concentration gradients. The metamorphism has been intense enough 
to cause partial melting and the formation of pegmatitic pods around 
boulder structures, but within the unmelted paragneiss strontium 
isotopic equilibration was not attained even on a very local (cm) scale.
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Even under granulite facies metamorphism the total rock Rb-Sr 
system may not be affected. Gray (1971) has studied intermediate 
grade granulites from the Tomkinson Ranges of central Australia. He 
was able to show that the granulite metamorphism at 1200 my had not 
always reset what he considered to be isochrons recording the time 
of deposition of sediments or volcanics at 1600 my. When reset by 
the metamorphism, the Rb/Sr dispersion was small for the group of 
samples while the 1600 my isochrons were from samples with a wide 
Rb/Sr dispersion. Often a number of 1200 my isochrons were arrayed 
en echelon along a roughly defined 1600 my line. Thus regional 
equilibration of strontium isotopes did not take place, only local 
equilibration. It seems that rocks having smaller Rb/Sr dispersion 
were reset while rocks with larger Rb/Sr have successfully retained 
their older pre-metamorphic age. Gray preferred an alternate 
interpretation of the data: that there are age domains associated
with higher temperature regions. Where the temperature was high 
enough, solid state diffusion within the rocks caused the Rb-Sr system 
to be reset to the metamorphic age. He did not consider that the 
differences in the Rb/Sr dispersion were significant. According to 
the model proposed here for equilibration of strontium isotopes, the 
younger isochrons were reset because the volume of rock involved in 
strontium isotopic equilibration was greater than the volume of rock 
representing the range in Rb/Sr dispersion.
In addition to the older ages, Gray (in Gray and Oversby, 1972) 
was able to show that uranium was strongly depleted in these rocks 
while thorium appeared to be variably depleted. The uranium depletion 
was considered to be associated with the dehydration of the rocks during 
metamorphism.
These observations are in conflict with those.of Heier (1973) 
who considers that intermediate to high-grade granulite metamorphism 
depletes rocks in uranium, thorium and rubidium. He cites granulites
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from the Musgrave and Fraser Ranges, Australia (Lambert and Meier,
1968) and from the Lofoten area, Norway in support of his arguments.
In both cases the granulites have K/Rb higher than corresponding 
amphiboles in the same areas. The potassium concentration is the 
same in both the amphibolite and granulites. It certainly appears 
that rubidium has been selectively removed from these rocks. In 
contrast, the granulites of Gray (1971) exhibit normal crustal K/Rb 
(200 - 400). Rubidium depletion could not have taken place or the 
older 1600 my isochron and the en echelon nature of the younger 1200 
my event would not have been preserved.
These contrasting views of the effects of intermediate granulite 
metamorphism may be the result of slightly different conditions during 
metamorphism. Limestone bands are found within Norwegian granulites 
and fluid inclusions in the granulites of the Lofoten area (W.L.
Griffin in Meier, 1973) contain large amounts of CO^ while H^O is 
relatively rare. It is conceivable that CC^ solutions mobilized from 
the limestones may have permeated these rocks. Previously it was 
shown that the rubidium and to a lesser extent potassium was mobilized 
in the Kambalda metabasalts, depleting some parts in these elements 
and causing the growth of biotite adjacent to calcite-rich veins.
This process was attributed to H^O-CO^ solutions.
A similar process may have operated in the Lofoten area, but in 
this case rubidium has been preferentially removed from the rocks by 
the CO^ solutions when the final dehydration under granulite 
metamorphism took place. It is interesting to note that in a Rb-Sr 
study in Norway (Heier and Compston, 1969), only the Lofoten granulites 
provided an isochron fitting to within experimental error, giving an 
age of 1775 ± 30 my. Other granulites in Norway provide scattered 
isochrons with ages ranging from 1800 my up to 2800 my. Perhaps the 
solutions that depleted the Lofoten granulites in rubidium were also
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able to re-equilibrate the strontium isotopes. As shown previously, 
regional equilibration is not required; only isotopic equilibration 
on a scale large enough to homogenize the range of Rb/Sr dispersion 
in the rock body.
Heier and Compston (1969) consider that the older ages (2800 my) 
represent an earlier granulite metamorphism. Gray (1971) is of the 
opinion that the 2800 my age represents a pre-granulite age, possibly 
the original sedimentation age or time of intrusion of the rocks.
A younger 1800 my granulite metamorphism has caused a scatter due to 
partial redistribution, but has not completely obliterated the old 
age.
Support for the interpretation of Gray comes from another high- 
grade terrain in Minnesota. Goldich et at (1970) have shown that total 
rocks in the Morton Gneiss and Montevideo Gneiss (amphibolite to 
granulite grade) scatter about a poorly defined isochron with an age 
of 3200 - 3500 my. This age is in agreement with an older discordant 
zircon age from the same rocks. The zircon data also show that the 
metamorphism took place at 2650 my. The discordance of the Rb-Sr data 
is attributed to the toss of radiogenic strontium during the 
metamorphism. This interpretation is probably incorrect, because, 
as has been shown above, redistribution of strontium between total rocks 
can provide the same pattern.
These observations on metamorphic rocks show both the strength 
and weaknesses of the Rb-Sr system. The granulites have been strongly 
depleted in uranium which must have been mobilized by dehydration 
reactions and expulsion of the fluid phase. The results of Gray (1971) 
show that during these reactions both rubidium and radiogenic strontium 
have not been removed from the rock by a fluid phase. This apparent 
stability of radiogenic strontium is in contrast to models which often 
consider that this isotope will be preferentially partitioned into a
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fluid phase because of its relative instability in an original 
rubidium lattice site (Ileier and Compston, 1969). It must be 
concluded that radiogenic strontium cannot migrate far from its 
original site and must be taken up in other lattice sites stable to 
strontium.
The presence of fluids may cause a significant disruption of 
the Rb-Sr total rock system. It appears that fluids, in addition to 
II2*3, are required. The Kambalda data and possibly the Lofoten 
granulite suggest that C0? may be an important component able to 
mobilize significant amounts of rubidium.
On a small scale a recent study in the metasediments of the 
Belt Series surrounding the Idaho Batholith (Hofmann and Grauert,
1973) indicates that the resetting of strontium isotopes in small 
rock volumes may provide precise but probably meaningless ages. 
Preliminary analyses employing the slab technique have given Rb-Sr 
isochrons ranging in age from the time of regional metamorphism 
associated with the intrusion of the Idaho Batholith (70 my) to much 
older ages of 340 and 530 my. There is a progressive increase in age 
of the isochron with decreasing metamorphic grade but some of the 
slab samples fail to define an isochron and the data points are 
scattered. Hofmann and Grauert consider that the isochrons must be 
related to the metamorphism as single total rock samples from the low 
to intermediate-grade rocks define an isochron of about 1100 my, an 
age in reasonable agreement with the age of 1300 my on unmetamorphosed 
equivalents of the Belt Series in Montana (Obradovich and Peterman, 
1969).
In this situation the metamorphism appears to have altered the 
Rb-Sr system in a complex though systematic manner. There has not 
been a regional resetting of the system and even on the scale of the 
slabs, only local and partial re-adjustment has taken place. A complex
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metamorphic history from at least 530 my to 70 my docs not seem 
realistic but it is difficult to explain how well-defined isochrons 
with no apparent relation to specific geological events could arise.
It is an interesting problem and the solution to it should 
significantly advance the understanding of the effects of metamorphism 
on the Rb-Sr system. This pattern of good isochrons is similar 
though on a different scale to that observed in a portion of the Clear 
Range Granodiorite. Within a restricted area of the intrusion six 
samples define a good isochron with an age between the older anomalous 
age and the intrusive age.
Fluids, as shown above, can have significant effects on the 
Rb-Sr system. Usually these effects are detectable by a scatter in 
the isotopic data but in some cases significant changes possibly go 
undetected. The next section is a discussion of the possible effects 
of ground water solutions on some intrusive rocks.
13•4 THE BEARING OF OXYGEN ISOTOPE STUDIES ON THE Rb-Sr SYSTEM
Oxygen isotope studies have documented that plutonic rocks are
18often anomalously depleted or enriched in 0. These effects have
been attributed to large scale exchange with surrounding country rock
via ground water that has circulated through both the pluton and the
country rock in the early stages of cooling and crystallization of an
intrusion. Taylor and Forester (1971) have outlined a model for this
18effect based on the anomalous depletion in 0 of the Tertiary igneous 
rocks from the Scottish Hebridean region. They proposed that the 
intrusion of a hot magma into cold surrounding rocks would act as a 
heat engine during its cooling and crystallization interval. Heated 
meteoric waters would rise and then cool near the surface and descend 
again. Water would continuously circulate through the cooling magma 
and surrounding rock, thus exchanging the oxygen isotopes of the magma
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and meteoric waters.
The rocks from Skye studied by Taylor and Forester have also
been analyzed for strontium (Moorbath and Bell, 1965) and lead
isotopic composition (Moorbath and Welke, 1969). They were found to
have anomalous compositions with the lead being composed of a mixture
of modern "Tertiary" lead and lead derived from the Precambrian
Lewisian Basement. A number of the strontium analyses indicated high 
87 86initial Sr/ Sr that were correlated with low strontium
concentrations. Taylor and Forester have suggested that both the lead
and strontium characteristics may be related to hydrothermal solutions
responsible for the oxygen isotope exchange observed in the rocks.
If correct, then the interpretations of initial strontium ratios must
87 86be treated with even greater caution. High initial Sr/ Sr may not
necessarily prohibit derivation from mantle magmas or other rocks 
with different initial ratios.
Beckinsale (1974) has compared Rb-Sr and oxygen isotopic analyses 
on the Glen Cannel Granophyre, Scotland and has come to a similar 
conclusion to that of Taylor and Forester. The oxygen isotope 
analyses of the intrusion indicates exchange with meteoric water at 
300 - 400°C while the strontium initial ^Sr/^Sr is high at .7094 
relative to a nearby dolerite plug at .7030. Beckinsale concluded 
that strontium in the circulating waters had been derived from the 
older basement below the intrusive and had exchanged with the strontium 
in the granophyre.
Another series of studies in which a number of isotopic methods 
have been employed indicates large scale oxygen isotope exchange but 
no corresponding effect on the strontium composition. This study was 
carried out on the Adirondack anorthosite complex of New York. Zircon 
geochronology (Silver, 1968) has established that the anorthosite and 
its related charnockitic gneisses were emplaced at 1130 ± 10 my and
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followed by a pyroxene granulite facies metamorphism extending from 
1100 to 1020 my. Rb-Sr total rock ages of 1092 ± 20 (Hills and Gast, 
1964) and 1055 ± 31 my (Heath and Fairbairn, 1968) are recording 
either the metamorphism or intrusive age, though both investigations 
concluded that the age of magmatic crystallization was recorded. The 
anorthosite initial ratio is .7049 ± 3 and is the same as 14 other 
anorthosite bodies studied (range .703 - .706).
Oxygen isotope analyses (Taylor, 1968) on the Adirondack rocks
shows that the anorthosite and some of the gneisses have anomalously
high ^ 0 / ^ 0  ratios compared to other anorthosites. Taylor has
attributed the high results to large scale isotopic exchange with the 
180 enriched limestone and dolomite-rich metasedimentary section in 
the region. C0? or H?0-rich solutions generated during the 
metamorphism would have more than enough time (> 50 my) to exchange 
oxygen isotopes on a regional scale.
It would be expected that the limestone sequence should have a 
strontium isotopic composition similar to seawater at the time of its 
deposition. Veizer (1971) has determined the strontium isotopic 
composition of a number of carbonate rocks from Precambrian areas.
He has indicated that the strontium isotopic composition of seawater, 
and thus carbonates, was about .7070 ± 5 in the time interval 1.0 - 1.4 
by. If the New York limestones and dolomites had this strontium 
composition then it might be expected that some effects would be seen 
in the anorthosite if strontium had been exchanged as well as oxygen. 
This does not seem to be the case and indicates that oxygen isotopic 
exchange is not necessarily accompanied by strontium isotopic exchange. 
It is possible that the anorthosite has exchanged some strontium but 
that the high level of strontium concentration (~ 700 ppm) has masked 
a very small effect.
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The Kambalda Sodic Granite appears to be an anomaly when the
model of isotopic equilibration is considered. It has a remarkably
87 86uniform chemistry and virtually no dispersion in Rb/ Sr (.20 - .28)
87 86and yet it appears to have had a small range in initial Sr/ Sr on
crystallization. According to the re-equilibration model, the source
8 7 86materials of this pluton should have been reset to a uniform Sr/ Sr.
These anomalous results might be explained by the exchange of
strontium-bearing hydrous solutions with meteoric water circulating
through the basaltic country rocks during crystallization. Any
effects in the basaltic rocks would be masked by the later metasomatic
effects. The effects on the strontium in the granite are small and
87 86might have been undetected if the dispersion of Rb/ Sr had been
similar to that in the Jones Creek Granodiorite (.4 - 1.7). A slight
scatter of data could be attributed to analytical error.
It is obviously very important to resolve this problem of
related exchange in different isotopic systems. This could be done by
detailed comparison of strontium isotopes in a pluton that shows a
gradation in oxygen isotope exchange. This situation exists in a
granodiorite pluton analyzed by Turi and Taylor (1971) for oxygen
isotopes. They have shown that the central part of the pluton has
its original ^ 0 / ^ 0  while the margins, up to 300 metres from the
contact, have exchanged oxygen with the surrounding metasedimentary
rocks. A detailed Rb-Sr study on samples from the core, margin and
surrounding metasedimentary rocks could be made to determine if the 
87 86initial Sr/ Sr of the margin has been affected by the exchange of 
meteoric water, possibly carrying strontium.
A slightly different approach to the problem can be related to
the U-Pb system. Rosholt et at (1973) have shown that Precambrian 
rocks in Wyoming have been depleted in up to 75% of their uranium 
during Cenozoic times. This was presumably a ground water effect
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related to uplift. The Rb-Sr total rock system records an Archaean 
age, in agreement with the Pb-Pb age, while most Rb-Sr mineral ages 
indicate a metamorphic event at about 1500 my and have not been 
affected by the event related to uranium depletion. Oxygen isotope 
studies might indicate how effective ground water has been in 
exchanging oxygen isotopes during the Cenozoic. This would presumably 
be a low temperature exchange in contrast to the high temperatures 
involved in the exchange with a magma.
13.5 CONCLUSIONS
This chapter has attempted to detail several interesting aspects 
related to the response of the Rb-Sr system to crustal processes.
The data presented in this thesis has been related to the broader 
aspects of the effects of geological processes on the Rb-Sr system. 
Studies related to metamorphic terrains tend to support the conclusions 
of the first part of the thesis that the total rock system can be 
very resistant to updating, under the appropriate conditions. Oxygen 
isotope studies, though not conclusive as yet, certainly indicate 
that fluids may significantly alter the isotopic characteristics of the 
Rb-Sr and U-Pb systems. The metabasalts at Kambalda have documented 
that metasomatic solutions containing CO^ are certainly capable of 
extreme modification of the Rb-Sr system.
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APPENDIX A 
SAMPLE PREPARATION
The samples in this study were obtained from several sources.
Most of the Murrumbidgee samples had been previously prepared, in a 
similar manner as detailed below, for a geochemical study by A.S.
Joyce. These rock powders were used for rubidium arid strontium 
isotopic analyses. Additional samples were collected from the 
Murrumbidgee Batholith. These, and the Jones Creek Granodiorite 
samples from Western Australia, were collected from exposures with a 
minimum of weathering effects. Surface weathering was removed during 
later sample preparation.
The majority of the Kambalda samples were collected from drill 
core of Western Mining Corporation. The sulphide ores were collected 
directly from mine exposures.
All samples were reduced to 2 - 4 cm size pieces using a sledge 
hammer and/or hand-operated splitter. They were then passed once 
through a small jaw crusher to reduce the grains to less than 5 mm.
A 70-gm aliquot of sample was taken and crushed to -120 mesh using a 
Siebtechnik tungsten carbide grinding mill.
The Kambalda samples used for lead isotopic analyses, after being 
reduced to 2 - 4 cm pieces, were washed with 2 N HC1 and distilled 
water in an ultrasonic cleaner to remove any lead contamination. They 
were then broken into small chips using a tooled steel mortar and 
pestle. Several samples were ground to -200 mesh using a tooled steel 
Spex mill and sieved with nylon and perspex screens. The other samples 
were crushed to -120 mesh in the Siebtechnik tungsten carbide grinding 
mill. No lead contamination has been noted from the tungsten carbide mill.
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Mineral separations were performed on sample material which had 
been sized, using brass sieves, into several fractions in the range 
-60 to +150 mesh. Minerals, of usually 98 - 99% purity (except 
plagioclase), were obtained using a magnetic separator and heavy 
liquids (tetrabromoethane and methylene iodide) diluted with acetone. 
Often hand-picking was required to attain the required purity. 
Plagioclase from granitic rocks generally contained up to 50% quartz 
as a dilutant. The single pyrite sample (892) used for lead isotopic 
analysis was prepared in a nylon and perspex sieve, followed by heavy 
liquids and hand-picking only.
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APPENDIX B 
ANALYTICAL PROCEDURE
Most of the trace elements (rubidium, strontium, lead, uranium) 
analyzed in this work were determined by the isotope dilution technique 
while some rubidium and strontium concentrations were determined by 
X-ray fluorescence spectrometry (XRF). The procedures for isotope 
analysis are outlined in the following sections.
B.l CHEMICAL PROCEDURES FOR Rb-Sr ANALYSES
Isotope dilution analysis permits the determination of the 
concentrations of individual isotopes of a specific element in a sample 
by the addition of a "spike" enriched in one of the isotopes of the 
element. The mixture of sample and spike must be chemically purified 
to isolate the element of interest and analyzed on a mass spectrometer.
Analysis of all of the Murrumbidgee Batholith samples, except
biotite (method detailed below) involved separate dissolution of amounts
of rock powder sufficient to provide 10 ygm of rubidium or strontium
Dissolution involved digestion of the sample in about 10 mis of HF and
0.5 mis HCIO^. After decomposition the sample was taken up in 2.5 N HC1
and decanted quantitatively into a beaker containing a known amount of
8 7 84spike enriched in either Rb or Sr. This solution was dried down 
to equilibrate spike and sample. The rubidium or strontium was then 
extracted from the sample using 20 gm cation exchange columns (200 - 
400 mesh Dowex 50W-X8 resin) with 1.0 and 2.5 N HC1, and dried down 
prior to isotopic analysis.
In order to avoid sample inhomogeneities in coarse-grained mineral 
separates, aliquots of a single dissolution of a mineral were weighed
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into separate rubidium and strontium spike beakers and processed as 
above.
In many cases X-ray fluorescence spectrometry was used to
determine the rubidium and strontium concentrations (Appendix B.4) and 
87 86the Sr/ Sr was determined on "unspiked" samples. In this case
approximately 250 to 500 mgm of sample was processed as above to obtain
strontium but without the addition of a spike.
In the course of this work the laboratory adopted a procedure 
8 5 84employing a mixed Rb and Sr spike in a solution of 2.5 N HC1.
Three mixed spikes, for samples and mineral separates with differing 
Rb/Sr, were used. Approximately 20 to 100 mgm of sample was processed 
as outlined above but only one dissolution was required. An amount of 
mixed spike consistent with the measurement of reasonable isotopic 
ratios and with error magnification considerations was added to the 
sample. The mixed spike was equilibrated with the sample and both 
rubidium and strontium were extracted from the solution using a single 
2 gm cation exchange column. The Murrumbidgee biotites were processed 
in this manner. Often the strontium concentrate was passed through 
a column for a second time to ensure that it was free of rubidium 
( Rb interferes with the mass analysis of ^Sr and must be corrected 
for) .
The mixed spikes have the advantage that for a determination of
Rb/Sr (required for isochron analysis) the accurate weighing of the
85sample and spike are not required. Enriched 'Rb was adopted as a
spike as it can be monitored in the strontium isotopic analysis and
87 87it is always known that the correction for Rb under the Sr peak
85will be less than the amount of Rb present. Often the ratio of 
87 85Rb/ " Rb can be determined in the initial stages of a run and a precise 
8 7correction for Rb can be made.
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Blanks were generally low (10 ngm Rb and Sr) and not significant 
for most of the samples analyzed.
ITie Kambalda metabasalt samples have extremely low rubidium levels 
and greater precautions were required to maintain low blank levels.
Reagents were purified in sub-boiling stills and had low blanks (Table B.l).
TABLE B.l
Analyses of Reagents
Rb
(ng/litre)
Sr
(ng/litre)
HF 13.0 9.3
HC10.4 9.4 38.
1.0 N HC1 3.0 2.5
2.5 N HC1 5.2 5.1
h 20 .24 .50
Usually 50 mgm of sample was dissolved using about 1 - 2  mis of 
HF and .1 ml of HCIO^. The digestions were carried out in a filtered 
nitrogen atmosphere. After spiking the basaltic rocks were converted 
to oxides by strong heating in a silica beaker. The rubidium and 
strontium were then leached out of the oxides by adding water and 
breaking up the oxide residue in an ultrasonic bath. The supernatant 
was then decanted, converted to chloride form with HC1 and dried down. 
This "bake and leach" step was used to remove iron and magnesium from 
the solution and was not employed for more siliceous samples.
Samples were loaded into 2 gm cation columns and rubidium and 
strontium extracted as above. The columns were in enclosed containers 
under positive nitrogen pressure. Blanks were processed with each 
batch of five low-level analyses. The blank levels were .07 - .2 ngm
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Rb and .1 - .3 ngm Sr. Each sample was corrected for the blank 
contribution to the analysis (usually < .5%).
B.2 CHEMICAL PROCEDURES FOR U-Pb ANALYSES
An amount of sample sufficient to yield 5 ygm lead was dissolved
in the same manner as the Rb-Sr procedures. It was then dissolved in
3 N HC1 and split into approximately equal proportions (weighed). One
235 207 204portion was spiked with 2 ygm U and 2 ygm “ Pb-“ Pb spike and
dried down to equilibrate sample and spike. If greater than 0.5 gm of
sample were dissolved the sample was taken up in 6 N HC1 and lead and 
uranium co-precipitated with the iron and aluminium hydroxides at pH 
6.8 using NH^ gas. The precipitates were centrifuged and rinsed 
several times with distilled water. All samples were then dissolved 
in HBr and made up to 1 N HBr solutions. Lead and uranium were 
extracted from solution using anion exchange columns (200 - 400 mesh 
AG 1 x 8 resin) using the method of Oversby (1974b).
The above procedures were carried out in clean air work areas. 
Blanks were processed simultaneously with each set of five samples. The 
uranium blanks were .2 - .5 ngm while the lead blanks were 4 - 7  ngm.
The isotopic composition of the lead blank was also determined several 
times. It had a value of:
208pb/206pb = 2.160 ± 13
207pb/206pb - .9164 ± 83
206pb/204pb - 16.81 ± 18
Blank lead corrections using this composition and uranium blank 
corrections were applied to each sample. Only in the case of several 
Kambalda metabasalts was the lead blank significant (1 - 5%) but as 
the composition of the blank was known, and is similar to the Kambalda 
lead isotopic composition, accurate correction for the processing
contamination is considered to have been made.
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Sulphide ore samples were dissolved using a mixture of 7 N HNO^,
6 N HC1 and bromine water and then processed in the same manner as the 
silicate samples. No precipitation with NH^ gas was done.
B.3 MASS SPECTROMETRY
Three mass spectrometers were used in the course of this study.
Many strontium analyses were carried out on a machine with a 30 cm 
radius of curvature and 60° sector (Nuclide), described by Arriens and 
Compston (1968), except magnetic field switching was used instead of 
voltage switching. Some of the rubidium analyses were carried out on 
a machine with 15 cm radius of curvature and 90° sector (MSX). This 
mass spectrometer also has magnetic field switching. The remaining 
rubidium, strontium and all the lead and uranium analyses were performed 
on a 23 cm, 60° sector field machine (MSZ) described by Clement and 
Compston (1972).
All machines operate at 6 KV accelerating potential. On the 
two larger-radius mass spectrometers the isotopic ratios are measured 
by switching the magnetic field to pre-determined magnetic intensity 
values that are monitored and controlled by means of a field sensing 
probe. The smaller mass spectrometer uses pre-determined magnetic 
current settings for field positions.
On all machines the ion beam is collected by a Faraday cup and 
amplified with a vibrating reed electrometer. The output from the 
electrometer is digitized by means of a voltage-to-frequency converter 
and counter (Compston et at3 1965) and fed to an on-line computer.
The ion beams from the various masses are switched as pairs and 
a single set of ratios calculated usually from a total of 25 peak 
counts and the average of 20 zero counts taken at the beginning of a set. 
A "dynamic zero", which allows for the short term memory of the 
detection system, is also monitored and corrections made. A series of
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sets of ratios is taken and time interpolated to obtain all the 
isotopic ratios for the sample. Data reduction by the computer is 
done in real time using programs developed by P.A. Arriens. Data may 
be taken until the desired precision is attained.
Rubidium and strontium are loaded as chlorides on the side 
filaments of a Re triple filament assembly. Stable beams in excess of 
10 ^  amps were routinely obtained from about 100 ngm or greater of 
strontium and lesser quantities of rubidium.
Lead was analyzed by the silica gel technique. A small quantity
(about 100 ngm) of the lead sample was loaded onto a single Re filament
in a mixture of 0.75 N LLPO, and silica gel; this was then dried down3 4 &
-12prior to loading in the mass spectrometer. Stable beams of 10 amps 
were obtained from as small a sample as 5 ngm, but both the stability 
and intensity of the beams appear to be dependent on the purity of the 
sample analyzed.
Uranium was analyzed in the same manner as rubidium and strontium 
on a Re triple filament bead, but was loaded on the filaments as a 
nitrate.
B.4 X-RAY FLUORESCENCE ANALYSES OF RUBIDIUM AND STRONTIUM
The approximate concentrations of rubidium and strontium in 
total rocks and mineral separates were determined by a rapid XRF 
technique. This allowed the selection of suitable samples for analysis 
and also an estimate of the weights of sample and spike required for 
optimum isotope dilution analysis on the samples selected.
The sample was poured into a sample holder with a Mylar window 
and analyzed in a Philips PW 1540 XRF spectrometer. Intensity 
measurements were made on the rubidium and strontium peaks and on the 
background between these peaks. Mass absorption corrections were made
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from the peak to background ratio. Some approximate lead concentrations 
were also made using this technique.
Precise rubidium and strontium determinations were made on many 
samples with concentrations generally greater than 30 ppm in either 
element. Duplicate analysis were carried out on pressed powdered 
samples in boric acid holders. X-ray intensities were measured, using 
a Philips PW 1220 spectrometer, on and about the peaks for strontium 
(200 sec) and rubidium (200 sec). Corrections were made for the 
interference effects of uranium, thorium and lead by monitoring their 
intensities (20 sec) and calculating their effects (Norrish and 
Chappell, 1967; Chappell et al3 1969). Several XRF analyses were 
determined by Dr B.W. Chappell. For these samples mass absorptions 
were determined by direct measurement. The majority of the samples 
were corrected for mass absorption effects by calculating the value 
from background intensities adjacent to the peaks.
B.5 PRECISION OF Rb-Sr TECHNIQUE
In assessing the errors for the regression analyses of Rb-Sr
87 86isochrons an estimate must be made of the errors in the Sr/ Sr and 
87Rb/86Sr.
87 86The precision of Sr/ Sr has been monitored by repeated running 
of ehe U.S. National Bureau of Standards stoichiometric SrCO^ salt SRM 
987 on both mass spectrometers used for strontium analyses. Table B.2
presents a summary of the individual runs and the mean values determined
88 86by normalization to an Sr/ Sr value of 8.3752. As most of the data
for samples were collected on the MSZ with the Cary 31 electrometer
87 86all later data has been adjusted relative to an Sr/ Sr of .71023 for 
the NBS salt. Analysis of the Eimer and Amend standard SrCO,, on the 
Nuclide gave a value of .70818 ± 2 which may be compared directly with
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the NBS 987 value of .71034 obtained on the Nuclide.
Recent analyses of magnesium on the MSZ mass spectrometer (Gray 
and Compston, 1974) has revealed that magnesium fractionation does 
not follow the simple fractionation proportional to atomic mass. The 
data for the MSZ (Table B.2) has been checked for a similar effect and 
it is found that strontium fractionation also appears to be anomalous.
0 7
All data from about 100 sets of Sr/ Sr ratios (with their 
88 86time interpolated Sr/ Sr) conform to a fractionation line with a 
slope of 1.87 ± .02 (2a) on a log-log plot (Ozard and Russell, 1970) 
and not the expected slope of 2.0 for single-stage Rayleigh distillation. 
When the measured slope for fractionation is applied to the data and
O O  O zr
normalized to a Sr/ Sr of 8.3752 the mean value for NBS 987 run on
the MSZ is increased by .00009. It is not known if the other mass
spectrometer (Nuclide) is also affected in a similar manner. Assessment
of this problem is still being made. As the difference is small
(within the 2a error estimates for an individual analysis) and variable
(since it is dependent on the fractionation during a run) the individual
samples have been corrected in the usual way assuming single-stage
88 86fractionation from an assumed Sr/ Sr of 8.3752. A wider uncertainty
limit of .00007 for one standard deviation for an individual sample
has been used in the regression treatment of the data. If the internal
precision of a run is greater than this the larger error is used in the
regression. All the tables in the text state the internal precision
of a run to 2a limits with .00010 as the lower limit. Often the internal
precision was better than this as can be seen from Table B.2.
87 86The Rb/ Sr has been determined in two ways: isotope dilution
and X-ray fluorescence spectrometry. The strontium isotopic composition 
of the mixed spikes used in the isotope dilution analyses were 
calibrated following the method of Hofmann (1971) . Mixtures of spike 
and NBS 987 standard strontium that result in the fractionation line
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and mixture line being coincident were prepared and measured along with
the spike composition. The spike composition was then normalized to
88 86a value equivalent to a normalized sample Sr/ Sr of 8.3752. The 
effects of the anomalous fractionation discussed above were considered 
to be insignificant relative to the precision of the calibration.
The concentrations of rubidium and strontium in the mixed spikes 
were determined by preparing standard solutions from U.S. National 
Bureau of Standards stoichiometric SrCO^ 987 and RbCl 984. Both 
separate rubidium and strontium solutions and two mixed Rb-Sr solutions 
were prepared. Calibration against each of the solutions agreed within 
the estimated error limits of 0.5%. NBS 70A K-feldspar analyzed with 
the spikes has values of 522 ppm rubidium and 65.4 ppm total strontium.
Most of the data have been analyzed by isotope dilution and 
previously McIntyre et at (1966) established that the coefficients of 
variation for this technique is 0.5%. This precision is relative to 
separate dissolutions of aliquots of rock powder for rubidium and 
strontium analyses. The analyses of single aliquots with a mixed spike 
should provide better precision. Assessment of the precision is 
difficult because generally small amounts (50 mgm) of sample were taken.
8 y g g
Sample heterogeneity may result in variable Rb/ Sr but there should
87 86 87 86be a correlation of Sr/ Sr with Rb/ Sr along an isochron provided
the minerals have concordant or near-concordant ages.
Only 17 duplicate isotope dilution analyses were performed with
87 86the mixed spike. Where disagreement in Rb/C Sr between duplicates
87 86was observed there was generally a correlation with Sr/ Sr. No 
detailed assessment of the error has been made as the sample population 
is small (17) and a larger number of duplicates with XRF analyses and 
unspiked strontium determinations are available. Comparison of this 
mixed population of duplicates is a better assessment of the overall 
precision of the data as many XRF analyses were made.
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X-ray fluorescence spectrometry is a precise method of analysis
for rubidium and strontium and especially Rb/Sr on samples with
greater than about 30 ppm of these elements. Precise determinations
at lower levels are also possible (Chappell et at3 1969). Pankhurst
and O'Nions (1973) have shown that the determination of Rb/Sr by X-ray
fluorescence has a precision comparable to isotope dilution for samples
with greater than 50 ppm in both elements and consider the accuracy to
be better than ± 0.7% while the concentration determinations for
rubidium and strontium are accurate to ± 5%.
Duplicate or triplicate analyses of Rb/Sr on total rock samples
by both isotope dilution and X-ray fluorescence spectrometry were
performed in this work. The precision was assessed in a manner
analogous to that outlined by McIntyre et at (1966). For replicate
analyses on 36 samples the coefficient of variation (percent standard
deviation) was found to be 0.70%, a value higher than that determined
by McIntyre et at. The difference was traced to seven samples with
87 86standard deviations of Rb/ Sr of 1.2% or greater. In most cases
the problem can be attributed to sample inhomogeneity in an isotope
dilution analysis and a displacement of the data point along the
isochron. If these seven samples are omitted from the treatment the
precision as estimated by the remaining 29 samples is .45% (coefficient
of variation). The result is similar to that of McIntyre et at and for
this reason their value of 0.5% has been used as an estimate of the 
87 86error in Rb/ Sr in the regression analyses.
B.6 PRECISION OF TOE U-Pb TECHNIQUE
Oversby (1974b) has stated that the precision for uranium and 
lead concentration determinations are 0.5% (la) and 1.0% (la) 
respectively. These values were used in this work. The lead isotopic
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composition of the samples in Oversby (1974b) was determined by the
lead iodide technique (Oversby et aZ, 1970) which is considered to
have a precision of .05% (la) for the isotopic ratios. The precision
of the silica gel technique may be assessed from the runs on the NBS
981 standard lead (Table B.3). The precision (coefficient of variation
207 206for a single run) of the normalized ratios is .014% for " Pb/" Pb and 
.024% for 206Pb/204Pb.
Analysis of samples involves the double spiking technique 
(Compston and Oversby, 1969) for the correction of fractionation taking 
place in a mass spectrometer. A computer program supplied by M.J. 
Dallwitz has been used to correct the measured ratios (Dallwitz, 1970).
The precision of this technique is difficult to assess because 
of sample heterogeneity. Duplicate runs on the same sample solutions 
provide some estimate of the precision. For six samples run in duplicate 
the coefficient of variation for a single analysis has a precision of 
0.023% for 2^2Pb/2(^ Pb and 0.68% for 2<^ Pb/2^4Pb (Oversby, pers. comm.). 
The samples analyzed in this work (especially the metabasalts) often 
did not give as good a precision as above for the internal statistics 
of a single run. This is believed to be related to the presence of 
impurities in the final lead concentrate loaded for analysis. For this 
reason a more conservative value of 0.10% (la) has been used as an 
estimate of the precision of the isotopic ratios used in the regression 
analyses.
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TABLE B.3
NBS Standard Common Lead SRM 981 Run by Silica Gel*
Operator 207Pb/206Pb 206Pb/204Pb
1 .91508 16.946
1 .91500 16.947
1 .91475 16.950
1 .91516 16.947
1 .91500 16.946
2 .91494 16.948
2 .91502 16.937
Mean .91499 16.946
Standard Deviation 
of Population
.00013 .004
Cantanzaro et al (1968) .91466 16.937
*Normalized to 2^Pb/2<^ Pb = 2.1681
Operators: 1 - V.M. Oversby; 2 - J.C. Roddick
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APPENDIX C
REGRESSION ANALYSES OF ISOCHRONS
All isochron treatments have been assessed according to the 
two-error regression technique of McIntyre et at (1966). The original 
computer program was slightly modified during the course of this work 
to incorporate a correlation coefficient for errors in X and Y. The 
modification involved the replacement of the least squares calculation 
in the program with the least squares cubic calculation of York (1969) . 
These two regression programs (York, 1969 and McIntyre et at3 1966) 
differ only in their assignment of errors. If the errors in each program 
are assessed in the same way and York’s correlation coefficient is set 
to zero the calculations of both the slope and intercept and their 
associated errors are exactly identical. As the original error 
assessment of McIntyre et at (1966) was retained, the first results are 
the same as would be obtained from the McIntyre et at (1966) program.
The various model calculations are also unchanged. The added benefit 
of the combination of methods is that a correlation coefficient may 
be used if desired. This variable has only been used in this work in 
the regression analysis of the "best" plagioclase Rb/Sr for the 
Kambalda Sodic Granite (Section 9.3.4). Brooks et at (1972) have 
advocated a more extensive use of the correlation coefficient in the 
case of high Rb/Sr samples.
Tests of significance associated with the isochron interpretation 
were made at the 95% level of confidence. The T-multiplier was applied 
to the estimated errors in X and Y, as suggested by Brooks et at (1972), 
rather than on the basis of the number of samples regressed. In 
assigning errors to the regression points the coefficient of variation 
for ^Rb/^Sr was taken as 0.5% and the standard deviation of °^Sr/^Sr
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as .00007 or the internal precision of the individual isotopic 
analysis, whichever is the greater.
To test whether a set of data for an isochron have the same age 
and initial ratio a statistical variance ratio test is applied 
(McIntyre et al3 1966). In this test the residual variance of the 
regression based on the scatter of the data points around the line, is 
calculated and compared as a variance ratio test with the expected 
scatter due only to experimental errors applied to each point. This 
parameter, called the mean square of weighted deviates (MSWD), is then 
tested as a F variate based on the number of points in the regression. 
If MSWD < F the data are considered to fit within the experimental 
errors; a Model 1 solution is determined. If MSWD > F then the 
samples do not have the same age or initial ratio and are either 
unrelated or have been subjected to a later redistribution of rubidium 
and or strontium isotopes. Three other model solutions are then given:
CD g-7 g ^Model 2 assumes that the geological variation of 'Sr/ Sr (in
(2)
excess of the assigned experimental limits) is proportional to 
87 86Rb/ Sr for each sample and therefore gives stronger weighting 
87 86to samples of low Rb/ Sr. The samples are assumed to have 
different ages but the same initial ratio;
87 86Model 3 assumes that the excess geological variation of Sr/ Sr
87 86is independent of Rb/ Sr and therefore adds the same
additional variation to al] the samples. All samples are assumed 
to have the same age but variable initial ratios.
If the calculation finds a preference for one of these solutions 
the calculation stops. In some regressions neither Model 2 nor Model 3 
is preferred and the analysis either stops or continues to:
(3) Model 4 which assumes the variation is a combination of Model 2
and 3.
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In this work the preferred model is used for isochrons with 
significant scatter. In most cases the slope and intercept do not 
change appreciably with the different models, as long as the isochron 
is reasonably well defined. The errors assigned allow for the scatter 
of the data points beyond experimental precision.
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APPENDIX D
MAJOR ELEMENT ANALYSES
Three methods were used for determining major element 
concentrations. The major elements (Si, Ti, A1, total Fe, Mg, Mn, Ca,
K, P) were determined by XRF spectrometry for samples from the Kambalda 
Sodic Granite and the Mount Painter Porphyry. Measurements were made 
on glass discs prepared by fusing the sample with a flux of lithium 
borate and sodium nitrate (Norrish and Hutton, 1967). Duplicate 
discs for each sample were analyzed in a Philips PW 1220 XRF spectrometer.
Sodium and potassium determinations were made by flame photometry 
using a Perkin Elmer 146 flame photometer with Lithium internal 
standard and standard solutions containing both sodium and potassium.
The method is essentially that of Cooper (1963).
The major elements (as for XRF above plus Na^O) for most samples 
were determined by electron microprobe on fused glass beads of the 
rock powders. Samples of 10 - 20 mgm were fused on an iridium-strip 
heater that could attain temperatures of 2000°C and rapidly quenched 
by turning off the power to the iridium-strip while simultaneously 
cooling the melt with a jet of air. The glasses were then mounted in 
epoxy blocks, polished and coated with carbon for microprobe analyses. 
Analyses were carried out on a Technisch Physische Dienst (TPD) electron 
microprobe fitted with an ORTEC Si(Li) detector and Northern Scientific 
NS710 multichannel analyser (Reed and Ware, 1972).
A total of six analyses using a defocussed beam (50 microns) were 
carried out on duplicate beads of a sample and the mean taken. Data 
reduction was carried out using an on-line computer and programs 
written by Mr N. Ware.
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Nicholls (1974) has detailed the method of major element 
analysis of rock samples by electron microprobe and documented its 
accuracy and precision.
Table D.l presents a comparison of six samples analyzed by XRF 
spectrometry, flame photometry and electron microprobe. Each method 
compares favourably with the other except for a possible systematic 
bias in the and SiO^ analyses.
The analyses of the minerals in the Kambalda Sodic Granite 
(Section 9.3.4) were also carried out on the TPD microprobe.
Ferrous iron (for the Kambalda Sodic Granite only) was
IIdetermined using potentiometric titration of Fe as outlined in Kiss 
(1967) except Pt/Pt-Rh electrodes were used in place of W.
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APPENDIX E
RARE EARTH ELEMENT ANALYSES
Samples were analyzed using an A.E.I. MS7 spark source mass 
spectrograph following the methods of Taylor (1965, 1971) and 
Taylor et al (1971). Photographic plates were read on a Jarrell-Ash 
microphotodensitometer and the data processed following the method 
of Taylor (1971) . From analysis of standard rocks and lunar 
samples analyzed by other methods the precision of the technique 
is approximately 10% (coefficient of variation) for most elements.
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APPENDIX F
RELATIONSHIPS IN A 206pb /2Q4pb-208pb/2Q4Pb DIAGRAM
A Situation is observed in the Kambalda lead analyses that the 
metabasalt samples form a linear array passing through the sulphide 
ore samples on a Pb/ Pb- Pb/ Pb plot. The question arises 
as to whether the sulphides represent the initial isotopic composition 
of the metabasalts. This appendix shows that a linear array of 
isotopic ratios formed by a suite of samples has a constant Th/U only 
if the line passes through their initial isotopic composition. 
Conversely if they lie on a line extending through the initial isotopic 
composition they must have a constant Th/U ratio.
206 208The equations for single stage lead evolution of Pb and Pb
are:
CD 
(2)
where
p = present day value of the isotopic ratio 
i = initial value of the isotopic ratio 
in abbreviated form
r206 , ,204 r206m ,204n, . r238„ ,204_, r &  n( Pb/ Pb)p = ( Pb/ Pb)i + ( U/ Pb)p (e -1)
C208Pb/204Pb)p - (208Pb/204Pb). ♦ (232W 204Pb)p (eXMt-l)
X = XQ + VDj (3)
Z = ZQ + WD3 (4)
where
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n nD = e -1 (5)
°3 = G ^ ( 6 )
208«, ,204
FIGURE F . l
The s lo p e  o f  th e  l i n e  between any two p o i n t s  (X^, Z^) and (X^, Z^) i s
„ V Z1 CZ0+W2D3) -  (Z0+W1D4
-  X2- Xl -  (X0+V2d 1) - C V h V
s W2 'W1V h (7)
Extreme,  l i m i t i n g  c a s e s  f o r  t h e  s lo p e  occu r  f o r :
= Wj and V X th e n  S = 0 
or
V2 = V, and ]N Vj W the n  S = 00
On F igu re  F . l  t h e  p o i n t s  a r e  shown and t h e  two l i m i t i n g  l i n e s  
drawn to  2'  and 2" .  Note t h a t  i f  p o i n t s  1 and 2 a r e  assumed to pass  
th rough  th e  i n i t i a l  c om pos i t ion  then  th e  l i m i t i n g  l i n e s  1 - 2 ’ and
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1 - 2” do n o t  p a s s  th rough  the  i n i t i a l  com pos i t ion .
The g e n e ra l  e q u a t io n  f o r  a s t r a i g h t  l i n e  in  t h i s  p l o t  i s :
Z-Z 1
V W1
V -V 2 1
( x -x p ( 8)
o r  on s u b s t i t u t i o n  o f  (3) and (4) f o r  (X^, Z ^ )  and r e a r r a n g e m e n t :
f  N r  \
n IV -w3 2 1
< i i <
1 K l 2 ij
( X - X 0 )  ♦ I>3
W V -V w 1 2  1 2
V -V 2 1
( 9 )
I f  Th/U i s  th e  same f o r  a l l  samples th e n :
On s u b s t i t u t i o n  o f  (10) i n t o  (9)
(X-X0)
( 10 )
( 11)
The s lo p e  o f  t h i s  l i n e  i s
f  ^ f  Nw.3 1
Dn V,
1
V  >
1
This s lo p e  i s  a f u n c t i o n  o f  on ly  th e  Th/U v a l u e  f o r  a f i x e d  v a lu e  o f  
t  i n  e q u a t io n s  (5) and ( 6 ) .  The l i n e  p a s s e s  th rough  th e  i n i t i a l  
com pos i t ion  (X^, Z ^ ) .
T h e re fo re  a s t r a i g h t  l i n e  r e l a t i o n s h i p  does n o t  n e c e s s a r i l y  imply 
a c o n s t a n t  Th/U r a t i o .  Only i f  t h e  l i n e  p a s s e s  th rough  th e  i n i t i a l  
le ad  com pos i t ion  i s  th e  Th/U r a t i o  t h e  same in  each sample .
C onverse ly  a l i n e a r  r e l a t i o n s h i p  th rough  th e  i n i t i a l  i s o t o p i c  
com pos i t ion  r e q u i r e s  t h a t  t h e  Th/U r a t i o  i s  t h e  same f o r  a l l  samples .  
Th is  may be shown by c o n s i d e r i n g  t h a t  th e  i n i t i a l  c om pos i t ion  i s  a
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thorium and uranium-free phase or sample that lies on the line. Then 
for this point = 0. Substitution into the general equation
(9) again results in the simplified equation (11) and thus a constant 
Th/U.
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